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ABSTRACT

Isotope labeling of small molecules is a crucial tool for drug discovery and
understanding biochemical processes. Expanding the toolbox of a radiochemist with
methods that allow late-stage labeling is therefore important. Of the methods that have
been developed, the use of isotopically labeled *CO2 (* = 14, 13, 11) precursor is
among the most useful platforms for installing isotopically-labeled carbon into the
molecule. While this area has undergone a tremendous amount of development in
recent years, the preparation of *C-labeled molecules (* = 14, 13, 11) remains difficult
and time consuming, with established methods involving label incorporation at an early
stage of synthesis. This thesis describes the development of new methods to label
stabilized carboxylic acids and a-amino acids with *CO2 (* = 14, 13, 11). It describes
reversible decarboxylation/carboxylation reactions by stabilized carboxylic acids and
their derivatives that prepare isotopically-labeled carboxylic acids. Through careful
pilot studies, reaction optimization, and mechanistic probes, the achiral aryl aldehyde
catalyzed isotopic carboxylate exchange of native a-amino acids with *CO2
(* =14, 13, 11) was discovered. This reaction likely proceeds via the trapping of *CO2
by imine-carboxylate intermediates to generate iminomalonates that are prone to
monodecarboxylation. Subsequent work revealed that a chiral aldehyde receptor can

mediate the resolution/carboxylate exchange of native a-amino acids with *COx.
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CHAPTER 1

Introduction

1.1 Isotopic Labeling in Drug Discovery

There is increased pressure on the chemical industry and allied fields to produce
compounds with less waste from non-toxic starting materials, while simultaneously
reducing manufacturing costs. Synthetic methodology and homogeneous catalysis can
offer solutions to these challenges.! Synthetic chemistry is the primary method used to
produce and identify new medicines.” The development of new synthetic methods
impacts on the pharmaceutical industry in two different ways, first by increasing overall
efficiency and second by enabling access to novel chemical matter.>> Discovering,
developing, and designing new medical drugs is a time-consuming and complex. It
requires between 12 to 15 years to take a drug from project initiation to market, with
costs of around $2.6 billion per new entity.5”

The drug development process occurs over several steps. The first step involves
identification of the medical need and the attempt to find the proper medication. Next
comes the drug discovery part, which involves identifying the interaction between the
drug candidate and the disease marker. After that is the preclinical phase, which
involves in vitro and in vivo studies for early administration, distribution, metabolism,
excretion (ADME) studies, and toxicology screening. Then comes testing the safety
and potential risks, dose range, and pharmacodynamics properties to determine the
efficacy of the drug in a small to medium group of patients (Phase I to Phase II). Phase
IIT involves trying the drug candidate in a large group of patients. After the drug
candidate is successful and approved by authorities, it can be launched to the market.
Multi-disciplinary teams work together over many years to develop a new drug to treat
a particular disease.® Unfortunately, less than 10 percent of potential drugs currently
reach the market. These low success rates may be due to a weak understanding of the

biological and rarely unexpected adverse effects of the drug candidate, which is usually



observed in Phase II clinical trials. Improved methods are required to produce essential
human pharmacodynamic and pharmacokinetic data in early drug discovery.

During various stages of drug discovery and development, several in vitro and
in vivo studies are carried out to give a better understanding of ADME properties of
the drug candidate. The Food and Drug Administration (FDA)’ recommends Phase 0
clinical trials to provide an alternative early drug development strategy by micro-dosing
healthy volunteers with pharmaceuticals that are radiolabeled. The drug candidates can
be synthesized with long-lived radionuclides (*H or '#C) and/or short-lived
radionuclides (''C or 'F). Labeling the drug candidate with these radioisotopes enables
the follow-up of the in vivo fate of the drugs, as these radioisotopes serve as a
traceless.!” The synthesis of radiolabeled compounds is a complex, time-consuming
process and usually needs multistep synthesis, while taking into account that the
labeling position must be introduced into a metabolically stable position. Therefore,
there is a great demand and need for introducing and developing efficient methods to
introduce isotopic labeling for the drug candidate to help with the drug discovery

process.

1.2 Isotopically-Labeled Compounds and Their Importance

1.2.1 Classifications of Isotopically Labeled Compounds

Isotopes are members of a family of an element that have the same number of protons
but different numbers of neutrons in the nucleus. Isotopes are divided into two classes,
stable isotopes (for example 2H, '*C, and '*N), and radionuclide isotopes (for example
3H, ''C, 'C, and '®F). Stable isotopes are naturally occurring isotopes that differ from
their parent atom (the most abundant form of the element) by a difference of one or
more neutrons in the nucleus. Stable isotope-labeled (SIL) compounds are molecules
that have at least one atom substituted with a stable isotope.

Specialized isotope chemistry research teams exist in many big pharmaceutical
companies. The main goal of these units is to provide labeled compounds for
metabolism-based studies. Alternatively, many custom research organizations serve the

pharmaceutical sector by focussing solely on the preparation of isotopically labeled



compounds. In vitro and in vivo studies are performed to get a better understanding of
the absorption, distribution, metabolism, and excretion properties of the drug candidate
during the various stages of drug development.!® To facilitate these studies, drug
candidates can be synthesized with stable nuclides (*H, '3C, or '*N), long-lived

radionuclides (*H or '*C), and/or short-lived radionuclides (!'C or '*F) (Fig. 1-1).

Esotope labeled compounds]

|
! ¢

[ Stable isotope labeled compounds ] [Unstable isotope labeled compounds}
Non-radioactive isotopes Radioactive isotopes
(13C 2H 180 15N) (3H 11C 14C 125|)

| |
l

( Drug metabolism and pharmacokinetics (DMPK) groups )

( Metabolism based studies)

Fig. 1-1. Classifications of isotopically-labeled compounds.

1.2.2 The Uses of Isotopically Labeled Compounds

SIL compounds play an important role in understanding the behaviour of the drug, i.e.,
pharmacodynamics and pharmacokinetics, mechanism of toxicity and adverse effects,
and its bioavailability.!! SIL compounds provide a unique mass from the unlabeled
compound, which is why they can be used in mass spectrometry (MS) for the absolute
quantification of the parent compound and relative quantification of metabolites from
biological samples.'?

The most used stable isotopes in drug molecules are 2H, °C, and '>N. The
selection of the stable isotope to incorporate in the drug molecules depends on several
factors, including cost, commercial availability, and the synthetic methods available.
Deuterium has a large isotope effect, which can alter the drug molecule properties
significantly in comparison to '*C and '’N. Deuterium also is prone to wash out if it is

on an exchangeable position and is prone to metabolic shifting.'?



SIL compounds can be used as clinical agents. For example, Deutetrabenazine
(Fig. 1-2) i1s an approved drug for the treatment of both tardive dyskinesia and
Huntington's disease. Tardive dyskinesia causes a range of repetitive muscle
movements in the face, neck, arms, and legs, while Huntington's disease causes the
progressive breakdown of nerve cells in the brain. This drug is an improved treatment
over tetrabenazine. When the hydrogen is replaced by deuterium atoms, the drug has
better metabolic stability.!*!> Another example of a stable isotope drug as a clinical
agent is the ['*CJurea breath test,'® which is utilized in one of the most important non-

invasive methods for detecting a Helicobacter pylori infection (Fig. 1-2).

(0]
Me

H (0]

Me Ny ©cp, 3.
HoN NH
_CD 2 2

o-CPs
Deutetrabenazine ['3C]urea breath test

Fig. 1-2. Deutetrabenazine and [*Clurea breath test.

The second class of isotopes is the radioactive isotopes. A radioactive isotope
is an isotope that has excess nuclear energy, making it unstable. Long-lived
radionuclides such as *H, and '*C are used widely throughout pharmaceutical research
and development.!” Tritium-labeled compounds are used by drug metabolism and
pharmacokinetic (DMPK) groups to collect early metabolism data to assess covalent
binding of reactive metabolites;'® they also can be used for quantitative whole-body
autoradiography (QWBA).!” “C-labeled compounds are used in Phase III of the drug
development process for quantitative whole-body autoradiography and mass balance
studies, human absorption, distribution, metabolism, and excretion studies, and for
environmental fate studies.!! Tritium-labeled compounds are synthesized more easily
and rapidly than '*C-labeled compounds, but they have a greater potential for loss of
the label by chemical and biological processes.?!

On the other hand, the main use of short-lived radionuclides such as !'C and '8F
is as radiotracers in Positron Emission Tomography (PET) techniques. PET is a non-
invasive nuclear imaging technique used in clinical diagnosis, drug development, and

biomedical research.?? The major applications of PET in drug development process
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include the microdosing approach, in which a study for in vivo distribution of a labeled
drug is performed; target occupancy studies, in which the in vivo drug-target interaction
is studied; and biomarker studies, in which an imaging biomarker can be used to follow
the development of the disease and to monitor the outcome of treatment.??

Carbon-14 has a half-life of 5730 years. This long-lived radioisotope emits low-
energy B-particle radiation that is utilized commonly as a traceless tag for organic
molecules to study their fate.?* Carbon-14 radiolabeling plays an important role in drug
development and the agrochemical industry in many aspects: in the pharmaceutical
development discipline to understand drug metabolism, disposition, and
pharmacokinetics of pharmaceuticals;>>® in the animal health drug development
discipline to determine the metabolism, disposition, and pharmacokinetics of
veterinary drugs;?’ in crop science to understand the plant metabolism of agrochemicals
and pesticides;?® and in environmental fate studies to perform soil dissipation studies
and assess potential environmental impacts associated with human and animal health
product excretions that might enter the aquatic and terrestrial environment.?*°

Carbon-11 has a half-life of 20.3 min. Carbon-11 labels are used as a PET
radionuclide to visualize and measure changes in metabolic processes, to trace a
radiolabeled drug in living tissues, and in other physiological activities, including

! Examples of using ''C-labeled compounds include

oncology and neurology.
vinpocetine, which is used as a neuroprotective drug in the treatment of ischemic
stroke; using the labeled version of the drug [!'C]vinpocetine helped to confirm the
possibility of a central mechanism of action.?!*? ''C-labeled compounds also can be
used as biomarkers for pathophysiology, and PET Imaging amyloid plaques with C-
Pittsburgh compound-B [!'C]PIB) have the potential to facilitate quantification of the
dissolution of amyloid plaques in Alzheimer’s disease after effective treatment.>3->*
Another example is the use of [!'C]choline for imaging various tumors, including
prostate cancer, lung cancer, and brain tumor.*>** The negligible uptake of the tracer
in the normal brain allowed good delineation of brain tumor contours and diagnosis of

tumor recurrence.>’



1.3 Classical Methods for Isotopic Labeling Via Functional
Group Transformations

1.3.1 Deuterium or Tritium Labeling of Organic Compounds
The incorporation of deuterium or tritium into an organic molecule can be achieved
through two main ways, by functional group transformation or by direct hydrogen
isotope exchange (HIE). The most common deuterium sources include D20, D2, CDCls,
MeOD, AcOD, EtOD, DMSO-ds, MeOH-ds4, Acetone-ds, CD3CN, CsDs, CD30H,
"PrOD, DCO2D, and 'PrOH-ds.*!

Although HIE is the most common method for these transformations, H-2 and
H-3 labeling by functional group transformation can offer greater than a 99%
incorporation as well as complete selectivity. Incorporation by functional group
transformation includes reductive deuteration, such as a photoinduced palladium-
catalyzed deuterodehalogenation of inactivated aryl and alkyl bromides,** reductive
deuteration of carbonyl group,”® and olefins* (Fig. 1-3). Boron catalyzed
hydrodeuteration of olefin (Fig. 1-3C) proceeds via abstraction of a deuteride from the
cyclohexadiene (1-A) by the borane Lewis acid catalyst to form ion pair intermediate
I'[DB(CsFs)3]” (1-B), Then protonation of styrene (1-C) by Wheland complex I" leads
to [I+[DB(CcFs)3]” (1-D). Finally, deuteride transfer provides the final monodeuterated
product (1-E) and returns the B(CeF5s)3 catalyst as shown in Fig 1-3C.

Also, it includes different transformations, such as formation of

trideuteromethylation*® and deuterated aldehydes*® (Fig. 1-4).%!



a. Visible light-mediated, palladium-catalyzed deuterodebromination

Br Pd(PPhs), (3.0 mol%
N NaO'Bu (2.0 equiv)
NG 440 nm LED

'PrOH-dg, rt

D
O
7
N

81% isolated yield

b. Reductive deuteration of aliphatic esters by sodium dispersions

o] Na (4.5 equiv)
O/\)j\OMe C,H50D (4.5 equiv)
hexane
0°C,5min

c. Boron-catalyzed hydrodeuteration

J\ B(CeFs); (2.5 mol%)
1-A (1.3 equiv
Ph Ph ( quiv)
CGH4F2
rt, 16 h
H
ol
pH P B(CeFs)s
1-E//
L
Ph”+ "Ph
II"[DB(CeF5)3]”

1-D

D D[97]

O/\)%H

80% isolated yield

97% deuterium incorporation

92% isolated yield

H H
Me\QMe
D OMe
1-A
H H
Me H Me

OMe
I"[DB(CsFs)al”

1-B
H
Me Me JJ\
Ph Ph

OMe

1-C

Fig. 1-3. Labeling with 2H and 3H by reductive deuteration.
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a. Manganese-catalyzed hydroboration of carbamates

Me MnBu, (10.0 mol%) Me o
Me N OMe i i Me No \
\ﬂ/ DBPiIn (3.5 equiv) CD4[>95] 'B-D
O neat 0
80°C,24h DBPin
88% isolated yield
>95% deuterium incorporation
b. Deuterated aldehydes from arylmethyl halide compounds
4-picoline (4.0 equiv), K3PO4 (4.0 equiv) o
DMSO, D,O
Br rt, 10 h OO D[96]
then p-nitrosodimethyl aniline (2.0 equiv)
rt, 4 h
then HCI 88% isolated yield
it 1h 96% deuterium incorporation

Fig. 1-4. Labeling with 2H and 3H via formation of trideuteromethylation and deuterated aldehydes.



1.3.2 '8F-Labeling of Organic Compounds

Fluorine-18 has a relatively long half-life (ti2 = 110 min). It is the most common
radioactive isotope for PET studies due to its physical and nuclear properties.*’#®
Additionally, one of the most common radiotracers in the clinic is 2-deoxy-2-
['®F]fluoro-D-glucose PET radiotracer (2-['*F]FDG).*

Typical challenges associated with fluorine-18 radiochemistry include the use
of sub-stoichiometric amounts of '®F, relative to the precursor and other reagents, and
the limited availability of parent '*F sources of suitable reactivity (['*F]F~ and ['*F]F>).
In general, the incorporation of '3F into an organic molecule can be achieved by using
nucleophilic reagents, such as K!F/Kryptofix[2.2.2] (Fig. 1-5a) and
tetrabutylammonium ['8F]fluoride (TBA['®F]F) (Fig. 1-5b),”' and by using
electrophilic reagents, such as ['*F]-N-fluorobenzenesulfonimide (['*F]NFSI) or ['*F]

selectfluor bis(triflate) (Fig. 1-5¢).5>*

a. Labeling with F-18 using nucleophilic reagent ['®F] KF/K,,

sy 1. [IrCI(COD)], d %
P CSA, THF, rt 18 (;o’_‘o:\>
0 "NH 18 BzO = N N
BzO P 2. [ F] KF/K222 \)\/
THF, rt, 10 min 38% RCY
(0] 6]
\_/
K22z

b. Labeling with F-18 using nucleophilic reagent TBAF
Me

Me
- 1. TBA'®F
N.. # —CF2Br DMSO, 135 °C, 20 min =
N N_. Z—CF,'®F
DMTHN 9 2.TFA, DCM N
S 60 °C, 5 min HN(I)I
1] 2N
0 S
1]
['8F]Celecoxib
10 £ 2% RCY
Am =4.4 + 1.5 GBg/umol
c. Labeling with F-18 by using electrophilic reagent ['8F] Selectfluor
Cl
OTMS Q ﬁM_
18 . . 18 i _
Me ['°F] Selectfluor bis(triflate) Me [NJ 2TfO
/+
O‘ MeCN F
80 °C, 10 min ["®F]Selectfluor bis(triflate)

33.9 £ 16.5% RCY
Am = 16.4 + 3.9 GBg/umol

Fig. 1-5. Labeling with F-18 by using nucleophilic and electrophilic reagents.



The incorporation of '¥F into an organic molecule to make CFa ['®F]-labeled
molecules can be achieved via halex exchange processes (Fig. 1-6a),>>!
fluorodecarboxylation of arylCF2COOH (Fig.1-6b),%>%* in situ generated of
['®F]CuCFs  (Fig. 1-6¢),> and by generating isolable  precursor
bis(trifluoromethyl)Au(III) complexes (Fig. 1-6d).%

a. Labeling with F-18 using halex exchange

F T F
| BN X Halex exchange | B top
R ["®FIF~ source RT
X=F, Cl, Br

b. Labeling with F-18 using fluorodecarboxylation

I F fl d boxylati | F
COZH uorodecarboxylation 18F
['8F]F* source
R R
c. Labeling with F-18 by in situ generating of ['®F]CuCF4

|
F
X 18— "°F F
Y% ['°F]F~ source Cu < F .
£ F CuX F or

B(OH),
generated
in situ

d. Labeling with F-18 by by generating of isolable precursor

F R =
Au~—F Activation A F ['8F]F~ source F
5 : — o
R -F F F
isolabe

precursor

Fig. 1-6. Methods to make CF, ['®F]-labeled molecules.

The incorporation of '8F into aromatic compounds can be achieved by

fluorodemetalation of preformed palladium or nickel arene complexes from the

67-68

requisite aryl halides or boronic acids and by copper-mediated cross-coupling of

6970 or aryl boronic acids’' (Fig. 1-7a).

preformed or in situ—generated aryliodoniums,
Also, it can be done by direct arene C—H fluorination with 'F~ via organic photoredox

catalysis (Fig. 1-7b).”?

10



a. Incorporation of Fluorine-18 into arene via non direct C-H/C-['8F] conversion

Transtition metal

18—
N X catalysis N M] ['®F]F~ source , UF
R—./ R—./ R—./

(hetero) arene
X=Cl, Br, |, OTf [M]= Pd(IV), Ni(ll), B(OR),

b. Incorporation of Fluorine-18 into arene via direct C-H/C-['8F] conversion

; ; 18
X X e organic photooxidant N F
RAL + '°F~source RAL
% 450 nm laser %
(hetero) arene Oz

Fig. 1-7. Methods for incorporation of '®F into arene.

1.3.3 *'N-Labeling of Organic Compounds

Natural nitrogen consists of two stable isotopes: the vast majority (99.6%) of naturally
occurring nitrogen is '“N, with the remainder being '’N. The incorpotion of °N into
organic molecules can be done by using °N-labeled building blocks. An example of
these is building '’N-labeled ammonium, nitrite, and nitrate salts.”® A second building
block is the ['’N]NO building block, an example of which is ['°’N]NO reacting with
diethylamine or diethylammonium salts to produce '’N-labeled diazeniumdiolates.” A
third building block is the ['’N]NO:building block, an example of which is !*N-labeled
RSNOs, such as '’N-labeled S-nitrosocysteine (S'°NC) and S-nitrosoglutathione
(GS'®NO),”® which are obtained by reacting ['>N]NO>" in acidic medium with the
corresponding thiols (Fig. 1-8). In general, '’N-labeled amino acids are used to
elucidate their metabolism, ’N-labeled S-nitrosocysteine (S'°NC) can operate S-
transnitrosation with the thiol group of cysteine residues of proteins, and "N labeled
S-nitrosoglutathione (GS'°NO), one of the most abundant low-molecular-mass RSNOs

in cells, has been labeled with >N to study S-transnitrosation.”
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a. Incorporation of 5N into cysteine

NH, H* NH,
SH . S<.; 2
HOZC)\/ * "°NO, —  HOC 1557
5N labeled S-nitrosocysteine (S'°NC)
b. Incorporation of "°N into glutathione
NH; H 0 " NH» H 0
HOZC)\/\H/ fLHAcozH + "“NO, ——— Hozc)\/\ﬂ/ fLH/\COZH
© SH © S

15y
Ns
(6]

5N labeled S-nitrosoglutathione (GS'®NO)

Fig. 1-8. Methods for incorporation of N into cysteine and glutathione.
1.3.4 "C-Labeling of Organic Compounds [*C = '*C, BC, or ''C]

1.3.4.1 ¥14C-Labeling of Organic Compounds
Carbon has 15 isotopes, from ®C to 22C, of which '2C and '3C are stable isotopes. The
longest-lived radioisotope is '*C, which has a half-life of 5730 years. The incorporation
of 13C and 'C into the organic molecule via functional group transformation can be
done by using isotopically-labeled building blocks.

Isotopically-labeled building blocks include metal [*C]cyanides (M = Na, K,
Zn, Cu),’® which are useful building blocks for introducing *C [*C = '*C, '3C] into an
organic molecule (Fig. 1-9a). While these solids are easier to handle, many M CN are
hygroscopic and all are toxic; therefore, care must be taken when handling them. The
second building block is the ['*C2]acetylenes building block. For example, Elmore et
al. reported the synthesis of triphenylsilyl ['*C2]acetylene for the use in Sonogashira
reaction (Fig. 1-9b).”” The third building block is the ['*C]cyanamide building block.
For example, Murthy et al. reported the use of ['*CJH2NCN to incorporate a C-14 label
on the position of a pyrimidine ring, as shown in (Fig. 1-9¢).”® The fourth building
block is the ['*C]methyl iodide, which is one of the most frequently used building

blocks, being the source of both electrophilic and nucleophilic one ['C] carbon
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synthons. An example of the use of ['*C]methyl iodide is the synthesis of [S-methyl-
4C]methionine (Fig. 1-9d).”

a. K ["*C]cyanides building block

1. [Pdy(dba)s]
| 1,1'-bis(diphenylphosphino) s (0]

ferroceneacetone, 40 °C, 4.5 h 14({\\ \ CO,H W
+ K'CN N Ph Ph
2. (NHy),S, 80 °C, 30 min cl dba ligand
0 .
Cl 3. 24% yield
ai A_coMe oY
80 °C, 30 min

4. NaOH, 50°C, 15 min

b. ['*C,Jacetylenes building block

0O

. EtMgBr, THF Br
Ca"C; ———————> pn,si—t4CIl4CH NH
Ph;SiCl Cul, NEt;,MeCN, 140

Pd(PPh3),Cly, H e
verm T PhySi~ 40% yield

c. ['*C]Cyanamide building block

1. ONa

MeO. | OMe
Hel OMe O R
BanoN 1.H,S04/H,0 1 ﬁg? : DMF, 100 °C ’}‘.)ﬁ/COZH
2. MeOH/HCI MeQ™ "NH; 2.NaOH (2 M), Dioxane o0 C~N?
3. HCI (2 M)

d. [**C]CHjl building block

1. Na, lig NH3, — 50°C

Ph S CO,H S CO,H
N 2 H 14C/ 2
\/\r 2. 14CH3| 8 \/\r

NH, NH,

Fig. 1-9. ¥''* C-Labeling of organic compounds with labeled building blocks: a. K['*C]CN building
block, b. ['“C,]Jacetylenes building block, c. ['*C]cyanamide building block. d. ['*C]CH;I building block.

Isotopically-labeled building blocks also include CO; an example of that is the
synthesis of '*C-carboxylic acid from the more complex substrate o-chloroaryl iodide
to provide the product in 87% chemical yield and 32% overall radiochemical yield from

barium ['*C]carbonate. The product is a key intermediate in the preparation of a series
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of labeled gonadotropin-releasing hormone agonist (GnRH agonist) of the amide type
(Fig. 1-10a);% the ["*C]JHCOOH building block, an example of which is the synthesis
of 3-deaza[8-14C] adenosine derivative, which is a key intermediate in the synthesis of
3-deaza[8-14C] adenosine (Fig. 1-10b);®' the ['*C]JHCHO building block, an example
of which is used for the synthesis of the corresponding alkenylamine provided N-
benzyl[2,6-'*C]piperidin-4-ol, which served as key intermediate to the CCRS5 receptor
antagonist ['*C]SCH 351125 (Fig. 1-10c¢);** the ["*C]CH3NO: building block, an
example of which is used for the synthesis of [2-'*CJketoglutaric acid, which was used
for investigations in the biosynthesis of cephalosporins (Fig. 1-10d).**

In addition to all the previously mentioned building blocks is the isotopically-
labeled carbon dioxide building block, *CO2 [*C = C, or '*C], which can be
introduced via carboxylation of organometallic compounds and coupling with
organomagnesium or organolithium reagent. These traditional methods need harsh
conditions and have poor functional group tolerance; therefore, the installation of the
labeled carbon occurs at an early stage of the synthesis. An example of this is the

synthesis of a potent and selective adenosine Aza antagonist by Hesk et al. (Fig. 1-

11).8
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a. [**C]CO building block

NBoc
NBoc
Me
o Me
1. PdCl,, heat Pd(dppf),Cl
BaN"COs — 2 "7 g, _ PAOPPICh  wo,tc
2. LiEt;BH KOAc, DMSO Me
3. conc H,SOy, 70 °C 70°C,16 h cl N0
H
87% vyield
32% radiochemical yield
b. ["*CJHCOOH building block
1.80°C Cl
S N—N
2.80 °C, HCI \
+ H"COOH ’ [ 't
HQNJLNHNHZ HzN/(s’C‘H T NTRN
3. NaOH JC-H
cl Z >N
WOH
o
“OH
HO
c. ["*C]JHCHO building block 5
r OFt
N
. 0
1. (+)-10-camphorsulfonic acid, H,O, Hj\
reflux, 4 h
A "SNHBn +H'“CHO — Me. N
H214c\ 14’10H2 — e
2. Hy, Pd(OH),, (Boc),0, EtOAc, r.t., 25 h N
3. TPAP, NMO, CH,Cly, r.t. Boc |—|214c\’\}ﬁcH2
o A
| .
Me' N
d. ["*C]JCH3NO; building block
1. CH30CO,MgOCH3;, 1. BnMe3NOH, dioxane
DMF; 50 °C, 6 h, NO, CO,CH MeOH, 60-70 °C, 15 h
14CH;NO, acH, + =/ 2> Ho C/\ﬁcozH
2. HCI, MeOH, HsCO-C 2. MeONa, MeOH:; 0 °C 2
-50°Ctort, 15h 10 min, then O3,-78 °C

3. HCI (4 M), reflux, 2 h

Fig. 1-10. '¥'* C-Labeling of organic compounds with labeled building blocks: a. ['*C]CO building
block, b. ["*CJHCOOH building block, c. ["*CJHCHO building block, d. ['*C]CH;NO; building block.
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14 \ N
0 i, (@) o N X N—
. —_— ~
[/)_L' THF, =78 °C E/}MCOZH = [ prc,
‘N,N\fN
NH,
["*CIMK 3814

Fig. 1-11. Carboxylation of furan-2-yllithium route to [*C]MK3814.

1.3.4.2 ''C-Labeling of Organic Compounds

Carbon-11 has a half-life of 20.3 min. Carbon-11 is generally prepared via a cyclotron
by proton bombardment of nitrogen gas. Carbon-11 labels are used as a radionuclide
for positron emission tomography studies.’® Incorporation of *'4C into the organic
molecule via functional group transformation can be done by using isotopically labeled
building blocks.

Isotopically-labeled building blocks include the [''C]CH3X (X = I or OTY)
building block. [''C]CH:I is by far the most frequently used ''C-labeling agent, an
example of which is the nucleophilic substitution of ['!C]JCH3X (X = I or OTf) to
generate ''C-methyl heteroatomic (N, O, or S) compounds. This simple and direct !'C-
methylating method has been well-applied in the synthesis of many ''C-labeled tracers,
including [''C]PIB, [!!C]DASB, [!!C]flumazenil (Fig. 1-12a),*> and the [''C]CO
building block. [''C]CO is an established building block for the synthesis of !'C-
carbonyl labeled carboxylic acids, esters, amides, ketones, and aldehydes via transition-
metal mediated carbonylation reactions. An example of this building block is the Pd-
mediated transmetalation preceding !'C-carbonylation with [!C]CO. Representative
examples include a retinoid compound, [!!C]Am80, and [!!C]aspirinobtained from the
corresponding boronates (Fig. 1-12b).36%7 Metal [''C]cyanides building block (M =
Na, K, Zn, Cu) are useful building blocks to introduce 'C into an organic molecule.
An example of that is the use of K[''C]CN, as shown in Fig. 1-12¢,”® and the [''C]CO2
building block. [''C]CO: is the feedstock virtually for all ''C chemistry and can be
converted readily to other synthons in high RCYs and high specific activity. An

example of the use of this building block is when Riss and Pike et al. developed a novel
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strategy to synthesize !'C-labeled carboxylic acids and derivatives from boronic esters
in the presence of a copper catalyst in high RCY's and high specific activity (Fig. 1-
12d).38

a. ['"C]CH3X (X = | or OTY) building block

1 . ~
R'(R3)XH m R'(R%)X'"CH,4
X=CH,N, O, S
examples: "CHg
|
NH Nech r/N 5) CH
2 3 3
HO. S 11/(_')H3 s N / O__/
/ N
N H
NC F N
4 "CHy
["cpiB [""CIDASB ["'Clflumazenil

b. ['"C]CO building block

B(OR), "C]cO, Pd(OAc),, PPh
@[ [''C] (OAc), 3 11CO,H
OAc p-Benzoquinone , H,O:DMF(1:1) ©i
OAc

["'Claspirin
15+ 2% RCY

¢.Cs'CN building block
}

;
N B(OH)2  Cul/DMEDA, Cs''CN N CN
R+ —_—
N DMF:H,0(3:1) R

150°C, 5 min 12 examples, 2-70% RCY

d. ['C]CO, building block

B(OR),  [''C]CO,, KF/Kypo, Cul "1CO,H
©/ TMEDA, DMF ©/

100 °C, 5 min 99 + 1% RCY

Fig. 1-12. ''C-Labeling of organic compounds with labeled building blocks: a. [''C]CH;X (X =1 or
OTY) building block. b. ["*C]CO building block. ¢. Cs[''C]CN building block. d. [''C]CO; building
block.

1.4 Decarboxylation and Carboxylation Reactions

1.4.1 Decarboxylation

A decarboxylation reaction is defined as a chemical reaction that involves removal of
a carboxyl group. Decarboxylation is a fundamental step in biochemical processes and

synthetic organic chemistry. Decarboxylation reactions can occur via several methods.
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The first type is thermal decarboxyaltion, which happens upon heating certain
carboxylic acids. Acid substrates that have strong anion-stabilizing groups adjacent to
the reactive carbon center can decarboxlate readily at room tempreture (Fig. 1-13a);
however, acid substrates lacking strong anion-stabilizing groups adjacent to the
reactive carbon center are inert towards spontaneous decarboxylation without resorting

to thermolysis conditions (Fig. 1-13b).3%-%°

a. Decarboxylation of activated carboxylic acids require low energy input

o o
COH 20°C H
-cO,

b. Decarboxylation of unactivated carboxylic acids require significant energy input

Ho H o
300 °C 500 °C
COH ——— H o -, H
-CO, -CO,

c. Enzymatic decarboxylation — facile under physicological conditions

-CO, R H
— energy
RYCO[ yg,};} R' production
R ‘gﬁ 4 R_E
> \r — biosynthesis
H* or E* R'

Fig. 1-13. a. Thermal decarboxylation of activated carboxylic acids, b. thermal decarboxylation of
unactivated carboxylic acids, c. enzymatic decarboxylation.

The second type of decarboxylation is enzymatic decarboxylation, which
utilizes decarboxylase enzymes. Fermentation, respiration, and the biosynthesis of
many secondary metabolites involve the loss of CO: from organic acids.’!
Decarboxylase enzymes accelerate these reactions by stabilizing developing
intermediates (typically carbanions) and promoting CO: diffusion from the active site,
thereby enabling otherwise unfeasible decarboxylations to occur under physiological
conditions (Fig. 1-13¢).”? The third type of decarboxylation is decarboxylation
catalyzed by transition metals. Decarboxylation catalyzed by a transition metal

complex to form a C—M bond is the critical step in decarboxylative cross-coupling
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reactions. Several metals, such as Cu”® (Fig. 1-14a), Pd°* (Fig. 1-14b), and Ag®® (Fig.
1-14c¢ can catalyze decarboxylation). The fourth type is decarboxylation by single
electron oxidation of carboxylate. This can occur via generation of NHPI ester
(N-hydroxyphthalimide), followed by SET and decarboxylation (Fig 1-14d, path 1),
by SET to generate aryl carboxylic radical, followed by decarboxylation (Fig 1-14d,
path II), or via generation of anhydride intermediate followed SET to get acyl radical
(Fig 1-14d, path III).”
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a. Cu catalyzed decarboxylation
Cu,0 (5.0 mol%)

Ligand (10.0 mol%) H
OH — N
NMP/quinoline +CO, P
MeO N

170°C,12-24 h

0]

MeO 92% yield quinoline
b. Pd catalyzed decarboxylation
OMe O Pd(OTFA), (20.0 mol%) OMe
CF3COOH (1.0 equiv) H
OH + COZ
DMSO/DMF
OMe 70 °C OMe
100% yield
c. Ag catalyzed decarboxylation
Ag,CO3 (10.0 mol%)
N CO,H AcOH (5.0 mol%) H +Co,
| DMSO
N™ “CO,H 120 °C, 12-24 h CO,H
100% yield
d. SET decarboxylation
Path | 0 (@]
in-situ generation SET
@ O-N +e,-CO,
O

Path Il

decarboxylatlon '
—»
OH -C 0,

aryl radical
o}
Path llI JL 1.

‘)L SET_ @

-002 )

acyl radical

in-situ generation

Fig. 1-14. a. Cu catalyzed decarboxylation, b. Pd catalyzed decarboxylation, c. Ag catalyzed
decarboxylation, d. Decarboxylation by single electron oxidation of carboxylate.
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1.4.2 Carboxylation

Carboxylation reactions, the microscopic reverse of decarboxylation, are equally
valuable processes in biology and synthetic chemistry. Driven by the abundance and
availability of CO2, chemists were inspired to design different technologies for

).7 One of the most attractive synthetic

converting COz into fine chemicals (Fig. 1-15
techniques for the utilization of CO: is to promote CO2 conversion into carboxylic
acids, which are building blocks in plastics, agrochemicals, and pharmaceuticals.
Despite progress in this area, synthetic techniques to promote this process generally
need to apply strongly nucleophilic organometallics and/or in-situ stoichiometric

(electro)chemical substrate reduction.’’%®

CO,H
O
)j\ NH3 @ONa HO
HoN NH,

—
o)
o)
o/”\o YAN H, A H
_/ 0=C=0
H" o
R O R O R——
AN o OH i
0" 4 N
R: Me or CH,OPh R: H or CH,OH (O]

™

Fig. 1-15. Examples of industrial CO; fixation into chemicals.

1.5 Isotopic Labeling Via Exchange Reactions

1.5.1 Hydrogen Isotope Exchange (HIE) of Organic Compounds

The hydrogen isotope exchange (HIE) method for labeling organic molecules with
deuterium or tritium is a more desirable method for the preparation of deuterium and
tritium labeled compounds than labeling by functional group transformation because it
leads to high isotopic yield, which can on occur on aromatic compounds (Fig. 1-16a),”
olefins (Fig. 1-16b),'% alkynes, aliphatic substrates, aliphatic alcohols and amines

(Fig. 1-16¢),'°! and aliphatic carbonyl compounds.*
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a. HIE on aromatic compounds

CFs CFs

Pd(OAc), (10.0 mol%)
@/COZH Na,COj (1.5 equiv) @:COZH
ACOH-d4 D[65]
120°C,12h i
99% vyield
b. HIE on olefins
D
N KO'Bu (10.0 mol%)
/©/\ MeOH (1.0 equiv)
M802C DMSO-dG MEOZC
50°C,12h 63% yield

c. Deuteration of aliphatic amines

M M Me Me
© © B(C4Fs)3 (10.0 mol%)
i de (6.8 i Di14]
NH acetone-dg (6.8 equiv) NH D
N

Me N toluene Me
0 150 °C, 3 h o D[90]

>95% yield

Fig. 1-16. Hydrogen isotope exchange (HIE) of organic compounds. a. HIE on aromatic compounds, b.
HIE on olefins, ¢. deuteration of aliphatic amines.

Hydrogen isotope exchange (HIE) methods have attreacted great attention for
labeling of pharmaceuticals compounds. Previously, H/D exchange carried out by a
heterogeneous Pd/C-H>—D20 system was shown to be an efficient method for
deuterium labeling of different types of alkyl-substituted aromatic compounds,

including biologically active ibuprofen sodium salt (Fig. 1-17).!%?

Ph/\/\/COZR Pd/C (10% mol), H, ph/o\o/o\o/COZR
D,0, 24 h
R=NaorH O : Labeling position with D
Example of biologically active compound:
[93]
[95]
[gG]COQNa
[95] [95]

D incorporation at phenyl unit is 43%

Fig. 1-17. Pd/C for the efficient deuteration of Ibuprofen sodium salt.
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More recently, in 2016, Chirik and and co-workers reported the iron-mediated
deuteration and tritiation of arenes and heteroarenes, revealing that H/D exchange is
not limited to noble metals. They were able to apply their methodology for the labeling
of drug molecules. For example, varenicline, papaverine, and loratadine worked under

their methodology (Fig. 1-18).!%

R R N j
1 mol% of Iron cat [ }5?{
X X N NNy N
| D, (4 atm) | P A A

THF, 45°C, 24 h

Examples of labeled drug molecules:

[70]D %
MeO N D[>98] ~ o
N\ D[>98] MeO N [210” N
HN@I:[ /:[ OMe
N~ ~D[>98] O \
OMe 04\0/\
Me
Varenicline Papaverine Loratadine

Fig. 1-18. Iron-mediated deuteration and tritiation of arenes and heteroarenes.

In 2017, MacMillan and co-workers successfully showed the use of
photocatalysts in the a-deuteration and tritiation of complex pharmaceuticals. They
were able to incorporate deuterium and tritium at a-amino sp> C—H bonds in a one pot
strategy via a photoredox catalyst that mediates a hydrogen atom transfer (HAT)
protocol, using isotopically labeled water (D20 or T20) as the source of hydrogen
isotope. Examples of that are the labeling of clomipramine, verapamil, escitalopram,

and cis-diltiazem (Fig. 1-19).'%
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4CzIPN (2 mol%) 141 [14]
(PPr)3SiSH(30 mol%)

O Li,CO4 (1.2 equiv) O O
cl N O D,0 (50 equiv) cl N

HCI blue LED [Gzlﬁ HCI
NMP
85]
t, 24 h [ 0
N,Me N [62]
md then HCI [62]

Labeled Clomipramine

other examples: . . .
O : Labeling position with D

Me Me [83] [86]
NC ? ?

N 1871 o) N

[87 / ]O’ o N
5 “ [90] s
oY g e A o
e
MeO O’N\o[gg] AcO
OMe [82]
F
OMe
Verapamil Escitalopram (+)-cis-Diltiazem

Fig. 1-19. The use of photocatalysts in the a-deuteration and tritiation of complex pharmaceuticals.

In 2019, Chirik and co-workers developed a methodology to enable labeling of
a much broader selection of aromatic substrates. Using a specially-designed bulky,
electron-donating diimine ligand and nickel hydride dimer, they were able to apply
their methodology for the labeling of drug molecules, such asMK-6096 and varenicline
(Fig. 1-20).!%
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D[43]
1 mol% of Ni cat N\
® (4 bar) ® Snis
D ar g
/ | V\

7
N THF, 45°C, 24 h D N D[99]

AV

Br

Ni cat
Examples of labeled drug molecules:
D[95] D[16]
[96]D\H\rD[96] [71D F D[80]
N| \N f | N\ D[99]
7" 0 07 N7 Dp9s] HN ;[
(93D o N” > D[9g]
Me'
Me
MK-6096 Varenicline

Fig. 1-20. The use of nickel hydride dimer in the a-deuteration and tritiation of complex
pharmaceuticals.

More recently, in 2020 Pieters, Chaudret, Derdau, and co-workers demonstrated
the utility of NHC-stabilized iridium nanoparticles for the more challenging HIE in
anilines, using D2 or T2 as an isotopic source. They were able to apply their
methodology for the labeling of diverse complex pharmaceuticals, like the drugs

aminoglutethimide, sulfadimethoxine, sulfamoxole (Fig. 1-21).!%
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DI[93]

NH, Ir'Np@ICy (4 mol%) NH, I\
/©/ D, (1 bar) cy-NIN~cy
"Bu .

THF, 55°C, 3 h "By b iCy

Examples of labeled drug molecules:

D[99]
N [90]D, o [50]D
2 Me i o
H2N ISI_NH N H2N |S|
[99]D o )= o_>-o
[90]D /)—OMe 5010 /
N ° ) N>_ 1501 N%Me
MeO Me
DL-Aminoglutethimide Sulfadimethoxine Sulfamoxole

Fig. 1-21. The use NHC-stabilized iridium nanoparticles for HIE in anilines derivatives.

1.5.2 '2C/*C Exchange of Organic Compounds [*C ="C, 1*C, or ''C]
The incorporation of isotopically-labeled carbon via functional group transformation
has some limitations. For example, some methods, like the carboxylation of
organometallic compounds and coupling with organomagnesium or organolithium
reagent, need harsh conditions and have poor functional group tolerance; therefore, the
installation of the labeled carbon occurs at an early stage of the synthesis.

Another approach for the incorporation of isotopically-labeled carbon is via
exchange reactions, which give an advantage to the late-stage incorporation of
isotopically-labeled carbon. Reports of direct non-enzymatic reversible CO2-exchange
of carboxylic acids are restricted to specialized substrate/mediator pairs.'?” An example
of that is when Darensbourg et al. showed that the dimeric complex
[(Ph3P)2CuO2CCH2CN]2 can undergo a reversible decarboxylation/carboxylation
reaction readily in the temperature range 30-50 °C, as evidenced by its exchange with
[1*C]CO2 in DME (Fig. 1-22a).!% The second method is the exchange of carboxylate
groups in simple aliphatic acids with ['*C]CO2, which has been documented but
requires heating of neat substrates at 280400 °C (Fig. 1-22b).!%-10 The third method
is the exchange of C(sp?)-carboxylate groups. Destro et al. were inspired by HIE
methods, which allow a radionuclide to be introduced on a previously synthesized drug

in a single step. This methodology allows the direct exchange of C(sp?)-carboxylate
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groups catalyzed by transition metals. The reaction is limited to nitro- or sulfonyl-
containing arenes or 2-heteroatom substituted electron-rich heterocycles at high
temperature (>150 °C) (Fig. 1-22¢).!!! The fourth method is by chemical activation-
decarboxylation-metalation-carboxylation sequences mediated by transition metals.''>
14 An example of this approach is when Baran et al. reported the nickel-mediated
decarboxylative carboxylation of alkyl carboxylic acids via redox-active ester
formation (Fig. 1-22d).'"®* The fifth method of '2C/°C involves the use of labeled
carbon monoxide in place of CO2.!'*!15 As an example of this method, Gauthier et al.
have reported the use of COgen as a source for labeled carbon monoxide to promote

palladium-catalyzed ['*C]CO and ['*C]CO exchange with activated aliphatic and
benzoic carbonyls (Fig. 1-22e¢).''¢
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a. Reversible decarboxylation/ carboxylation via mediator

(o]
Ph3P (2.0 equiv)
+ - T ETCAUN) (phyP),CUO,CCH,CNI,
Cu OJ\/\ HO.C™ "CN  Et0,rt, 12h
1.0 equiv 1.0 equiv
0 Ro
Ph3P (excess ‘
[(PhgP),CUO,CCH,ON],  — N3P (8xcess) NC\)LO-CUR
R: PhyP
0O R 13
I.R CO, 2 R
NC Cu. —_— NC. BeL duR
\)I\o R -CO, ~ "o tR
R: PhsP R: PhyP
b. Exchange of carboxylate groups in simple aliphatic acids
0 4co, Q 13 s .
)j\ —_ 140 % 13C incorporation (% yield)
R™ "OM -CO, R™ "OM temperature, time
M: K+ or Na+
Examples:
14 14 Me 14
Me. _4CO,H Vo™~ CO2H . co Ph. _4CO,H
5
83% (96%) 70% (88%) 65% (85%) 76% (88%)
390 °C, 120 min 420 °C, 60 min 440 °C, 120 min 290 °C, 120 min

c. Direct exchange of C(sp?)-carboxylate groups catalyzed by transition metals

3C0, (3.0 equiv)

13 CN CN
0 S CuBry, ligand Ao % .
I LU O O
O,NG ——FF > OyNg \ \ WPh
= DMSO F SJN N Ph-—s/'N N
then HCI 13 < <
15-60% '°C incorp. Ph Ph Ph Ph
ligands used
d. Exchange via chemical activation-decarboxylation-metalation-carboxylation
R RAE R NiBrysglyme )R\ |
formation neocuproine ligand Me N z
R>CoH — = R)\cozNle — R 13c0,H |
Mn, 50 psi '“CO, NS
‘redox-active’ DME 10-40%"3C incorp.
ester (RAE) Me

neocuproine ligand

e. Exchange by using of labeled carbon monoxide

Chamber A Me 13
. Pd[(t-Bu)3P], R R cocl
)R\ COgen, Cy,NMe, NMP I H,0

—_— )\
R”>cocl Chamber B R” "3cocl R™ 13co,H OO

Pd[(o-tol)3P]> 30-50% '3C incorp.
substrate, toluene

COgen
two-chamber setup

Fig. 1-22. Methods for introducing labeled carbon via exchange reactions.
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1.6 Thesis Overview

This thesis describes the discovery, optimization, and application of new methods for
the isotopic labelling of stabilized carboxylic acids and a-amino acids with *CO2 (* =
14, 13, 11). Mechanistic studies of the processes were conducted, with a particular
focus on elucidating the nature of the decarboxylation steps. Our group developed
methods for catalytic decarboxylative cross-coupling reactions. The main inquiry that
always arises in these methods is about the nature of the decarboxylation event, whether
it is reversible or not. So, we were motivated to answer this question and investigate
the nature of the decarboxylation event for stabilized carboxylic acids and their
derivatives, which would enable the incorporation of labeled *CO2 (* = 14, 13, 11) if
the decarboxylation event is reversible.

Chapter 2 discusses the synthesis of isotopically-labeled carboxylic acids via
direct reversible decarboxylation of stable organic acids in a polar aprotic solvent. This
process involves uncatalyzed reversible decarboxylation/carboxylation in
dimethylformamide solution to trap ['*C]CO: electrophile to generate isotopically
labeled carboxylic acids. It displays a wide tolerance to isotopic labeling processes due
to the use of mild conditions and simple protocol.

Chapter 3 discusses the synthesis of isotopically labeled racemic a-amino acids,
using achiral aldehyde catalysis in conjunction with isotopically-labeled COx.
Proteinogenic o-amino acids and many non-natural variants containing diverse
functional groups undergo labeling. The reaction likely proceeds via the trapping of
*CO2 by imine-carboxylate intermediates to generate iminomalonates that are prone to
monodecarboxylation. The pre-generation of the imine carboxylate intermediate allows
for the rapid and late-stage ''C-radiolabeling of a-amino acids in the presence of
[''C]COs.

Chapter 4 discusses the synthesis of enantioenriched isotopically labeled a-
amino acids using a chiral aldehyde auxiliary in conjunction with isotopically labeled
CO2. Most proteinogenic a-amino acids and many non-natural variants containing
diverse functional groups undergo labeling with good enantiomeric ratio (~90:10) and,
with the knowledge learned from previous mechanistic studies (Chapter 3), proved to

be invaluable in the development of the process.
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Chapter 5 provides a brief overview of the research objectives accomplished in
this thesis as well as providing some possibilities for future work which was inspired

by the findings in this thesis.
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CHAPTER 2

Synthesis of Isotopically-Labeled Carboxylic Acids via
Direct Reversible Decarboxylation of Stable Organic
Acids in a Polar Aprotic Solvent

2.1 Introduction

Extrusion of COz is an important step in organic synthesis since many organic synthetic
methods depend on CO:z extrusion to generate reactive intermediates for bond-forming
events. Decaboxylation is an important step in biochemical processes and organic
chemistry because many biochemical processes, such as fermentation, respiration, and
the biosynthesis of many secondary metabolites, involve the loss of CO2 from organic
acids.”! Carboxylic acids substrates having strong anion-stabilizing groups adjacent to
the reactive carbon center, such as [-oxoacids, diphenylacetic acids, and
polyfluorobenzoic acids, can readily decarboxylate even in the absence of metals at
moderate temperatures (Fig. 2—1a).!!” Acid substrates lacking strong anion-stabilizing
groups adjacent to the reactive carbon center have been construed to be inert towards
spontaneous decarboxylation. Decarboxylation of these acid substrates requires
subjecting them to thermolysis conditions.’®*° Examples of this class include
decarboxylation of phenylacetic acid® and benzoic acid” at very high temperatures, as
shown in Fig. 2—1b. As a result, synthetic reactions driven by decarboxylation of these
acid substrates are carried out using high reaction temperatures'!” or added oxidizing
agents.!"®11 An oxidant can promote decarboxylation by single electron oxidation of
carboxylate (SET), followed by decarboxylation (Fig 2-1¢), or prior stoichiometric

chemical modification of the carboxylate unit.'2*-122
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a. Decarboxylation of activated carboxylic acids require low energy input

O O
CO.H 20°C H
—_—
-CO,
b. Decarboxylation of unactivated carboxylic acids via elevated temperature

H H
300 °C 500 °C
H H
COH ——n H c0: _—
-Cco, -CO,

c. Decarboxylation of unactivated carboxylic acids via an oxidant

(o] (o]
SET . decarboxylation @
on HY -e © -CO,
’ aryl radical

Fig. 2—1. Decarboxylation of activated and unactivated carboxylic acids.

Carboxylation is an important step in organic synthesis because of the
availability and abundance of CO2. The most common application of the use of CO: in
carboxylation reactions is the conversion of CO2 into carboxylic acids, which are
building blocks in plastics, agrochemicals, and pharmaceuticals.”” Despite the
development in this area, synthetic techniques to promote this process need to apply
strongly nucleophilic organometallics and/or in-situ stoichiometric (electro) chemical
substrate reduction.”’-?®

The potential for the reversibility of decarboxylation/carboxylation
mechanisms often is ignored in reports of synthetic methodologies that rely on these
elementary steps. Reports of non-enzymatic direct reversible CO2-exchange of
carboxylic acids are restricted to specialized substrate/mediator pairs (Fig. 2—2a).!07-108
The exchange of carboxylate groups in simple aliphatic acids with CO:2 has been

documented, but it requires the heating of neat substrates at 280440 °C (Fig. 2-2b).'*"
110
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a. Reversible decarboxylation/ carboxylation via mediator

(6]
PhsP (2.0 equiv)
+ - AN - e [(Ph3P)2CUOzCCHQCN]2
Cu OJ\/\ HO,C™ "CN  Et,0,rt, 12h
1.0 equiv 1.0 equiv

Ph3P (excess)

[(Ph3P),Cu0,CCH,CNI, (Ph3P)3CuO,CCH,CN
13CO2 "
(Ph3P)3CuO,CCH,CN ——~  (Ph3P)3Cu0, “CCH,CN
-CO,
R Rr
NC\)LO’CU"R
R: PhgP

(Ph3P)3CuO,CCH,CN structure

b. Exchange of carboxylate groups in simple aliphatic acids

0 e 0 o 1 _ ,
J\ —_— 14('5 % "°C incorporation (% yield)
R” “OM -COy R” OM temperature, time
M: K+ or Na+
Examples:

14 14 Me 14

Me._4CO,H Ve~ CO2H 4co, Ph._4CO,H
Me
83% (96%) 70% (88%) 65% (85%) 76% (88%)
390 °C, 120 min 420 °C, 60 min 440 °C, 120 min 290 °C, 120 min

Fig. 2-2. Reports for reversibility of decarboxylation/carboxylation mechanisms.

Isotopic labeling of molecules with isotopes of carbon is important because
labeling molecules with isotopes of carbon is sought widely in many disciplines
(medicinal chemistry, agroscience, PET studies).?**° The use of carbon labels is often
the ideal labeling approach because the molecule’s scaffolds are not altered
significantly (like they are with '®F labels) and are not prone to wash out or metabolic
shifting (like with H or *H labels)."?

Isotopic labeling of organic molecules by incorporation of a labeled carbon C*
(*C ="C, 13C, or 'C) via exchange reactions has been discussed in chapter 1 ( Fig 1-
22). Recently, in concert with our work, Destro et al. developed isotopic exchange of
carboxylate groups in cesium arylacetic acid salts with *CO> (*C='*C, 13C, or ''C) in

DMSO at 80190 °C (Fig. 2-3).1%
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Direct exchange of C(sp?)-carboxylate groups catalyzed by transition metals

R 13C0, (3.0 equiv) Ri
R N CO,Cs 0.5to2h R [ 13CO,H
2 P DMSO > 2 P>
then HCI 32-75% '3C incorp.

Fig. 2-3. Direct exchange of C(sp?)-carboxylate groups catalyzed by transition metals.

Our group developed methods for catalytic decarboxylative cross-coupling
reactions. The main inquiry that always arises in these methods is about the nature of
the decarboxylation event.'?*!?5 So, we were motivated to answer this question and
investigate the nature of the decarboxylation event. Section 2.2 describes the
development of the first direct reversible decarboxylation of stable organic acids in a

polar aprotic solvent to access isotopically-labeled carboxylic acids.
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2.2 Development of Carboxylate Exchange for Stable
Organic Acids in Conjuction with Isotopically-Labeled CO:

2.2.1 Discovery and Development of the Methodology
We were inspired to know whether the nature of a decarboxylation event was reversible
or not. In a decarboxylative amination project,'?® Patrick Moon, a graduate student in
our group, ran a mechanistic study to investigate this, and he noticed that the loss of
CO2 from activated aryl acetate is reversible. Thus, we decided to examine the
generality of this concept on other stabilized carboxylic acids.

Starting from the reaction conditions that he observed in the decaboxlyation

amination project,'?

Moon showed that the potassium salt of arylacetic acid (2-1)
exemplifies the reversible decarboxylation/carboxylation behavior in a polar aprotic
solvent. He carried out the reaction in a glovebox filled with N2, then he added DMF
(1 mL) to a dried 4-dram vial charged with a stir bar and the potassium salt of arylacetic
acid (0.1 mmol, 2-1). The vial was sealed with a PTFE-lined cap and removed from the
glovebox. The reaction headspace was evacuated on a Schlenk line (~300 mtorr) using
a 25-gauge needle. Then, the vial headspace was refilled carefully with 15 psi ['*C]CO2
through the PTFE-lined cap with a 25-gauge needle until the internal pressure reached
~1 atm (requires 20—60 seconds, depending on the pressure of the ['*C]COz tank). This
provides ~8 equivalents (~0.8 mmol) of ['*C]CO2, which would result in an equilibrium
exchange incorporation of ~85%; the equivalence of ['*C]CO:2 was approximated
according to the headspace volume of the vial, using the ideal gas law. The
equivalencies are calculated as follows: to get equivalencies we need to know the # of
mmols [*C]CO2, so we solve for n:

pV=nRT

1 atm 0.0195 L = 0.0821 L atm mol!' K™! 298 K

n = 0.8 mmol (~8 equivalents)

In a reaction where approximately eight equivalents of ['3C]CO2 were supplied
(19.5 mL of COz at ~1 atm, dissolved [CO2] = 0.20 M), equilibrium between '*C and
13C was achieved in 15 h (Fig. 2—4a). Quantitative recovery of carboxylate (2-1) with

83% '3C-enrichment was possible by acid/base extractive workup.
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Duanyang Kong, a postdoc in our group, investigated the effect of other
counter-cations and solvents on the reactivity of carboxylate exchange (Fig. 2—4b). The
carboxylic acid of (2-1) manifested no evident [*C]CO: exchange or
protodecarboxylation in DMF at 70 °C. Li*, and Na" salts of (2-1) reacted more slowly,
while the Cs* salt reacted more quickly. Divalent metal salts of 1 (Zn** or Cu**) were
inert to exchange conditions. Also, he studied the carboxylate exchange reactivity in
different solvents, and he found that the use of polar aprotic solvents (DMF, DMA,
DMSO; dielectric constant ¢ > 30) is essential for the transformation: Reactions
conducted in THF, DCE, or water resulted in the recovery of unlabeled 2-1 at 20 °C.
The addition of 18-crown-6 (18-C-6) led to an approximate two-fold rate enhancement

of carboxylate exchange.'?’

a. Reversible decarboxylation/carboxylation of cyanophenylacetate

13 - ; L\
/©/\COZK CO, (~1 atm, 8 equiv.) /©/\COQK B
NC NC P \

DMF (0.1 M)

20°C 15 h
2-1-'%C] 83% 2-1-['3C]

[99% yield total 2-1]

b. Impact of salt and reaction conditions

3C0, (~1 atm) 3C0O, (~1 atm)
21?C] ———— > 21%c] 24["2C] ——— 2-1'%C]
DMF 70 °C 20 °C
cation 3C incorp. (time) conditions  '3C incorp. (time)
K* 85% (1 h) THF 0% (5 h)
H* <5% (8 h) DCE 0% (5 h)
Li* 72% (8 h) H,0 0% (5 h)
Na* 77% (8 h) DMSO 47% (5 h)
cs* 63% (5 h, rt) DMA 45% (5 h)
0.5Zn%*/Cu®*  <5% (8 h) DMF/18-C-6 67% (5 h)

Fig. 2-4. Overview of decarboxylative processes and carboxylate exchange: a. reversible
decarboxylation/carboxylation of cyanophenylacetate (2-1), b. impact of salt and reaction conditions.
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2.2.2 Scope of the Methodology

The direct reversible decarboxylation of stable organic acids in a polar aprotic solvent
process enables access to isotopically labeled carboxylic acids. An overview of the
scope examples carried out by Duanyang is provided in Fig. 2—5. He was able to show
that (hetero)arylacetic acid salts with anion-stabilizing groups can undergo carboxylate
exchange at moderate temperatures (2-1, 2-2, 2-3, 2-4, 2-5, 2-6, 2-7), whereas
arylacetates with a strongly electron-donating OMe group required higher temperatures
(2-8, 2-9 at 100 to 115 °C) and benefitted from the addition of 18-C-6. Alkyl and aryl
substitution adjacent to the carboxylate was tolerated, including examples of
disubstituted arylacetic acid salts (2-10) and trisubstituted, non-enolizable arylacetic
acid salts (2-11, 2-12). The simplicity of the process enabled broad functional group
compatibility, including tolerance to ketones (2-4), aldehydes (2-5), amides (2-6),
esters (2-7), and potentially reactive heterocycles (pyridines 2-14, 2-15, pyrimidine 2-
16, isoxazole 2-16). He showed also that other classes of potassium carboxylates can
undergo reversible decarboxylation, including malonate half-esters (2-17, 2-18), and

cyanoacetates (2-19).

G= 13 -
(he?ero)aryl, esterZ kletone, G_CO.K CO; (~1 atm) G_13co,H % 13¢ incorporation (% yield)
amide, sulfonyl, nitrile X [ 7( X et
R = aryl, alkyl, H R R then HCI R R emperature, time
arylacetates and bstituted
“ ]
R 13COH 00
2H 2CO,H 13COH 13 O\/
2-1 4-CN 85% (96%) 20 °C, 24 h o " 2 CO,H 3CO,H
22 2-NO, 94% (87%) 20 °C, 4 h 2 © Ph Ph Me Me .
% (809 % (699
2-3 2-CF5-5-F 90% (85%) 60 °C, 2 h 2-10 93% (76%) 2-11 93% (90%) 2-12 94% (96%) 21 43/ (60%)* 214 4% (69%)
2-4 4-Ac 95% (89%) 80°C, 2 h 20°C.6h 20°C, 15h 85°C. 1 h 50°C, 16 h 20°C,15h
2-5 4-CHO 66% (53%)* 55°C, 2 h
2-6 4-C(O)NEt; 87% (90%) 80 °C, 17 h N N-o a 1 NCWECOZH
7 4 4 CO,H
2-7 4-CO,Et 94% (79%) 70 °C, 17 h [\ ]\BCOzH ME‘WCOZH EtO)H/ 2 e
2-8 3-OMe 89% (78%)' 100 °C, 18 h N R
2-9 3,4-(OMe), 81% (76%)' 115 °C, 18 h 2-15 29% (68%)* 2-16 56% (99%)* 2-17 H 37% (82%)¥40°C, 21 h 2-19 67% (82%)*
50°C, 16 h 40°C, 24 h 2-18 Me 89% (75%)*60 °C, 21 h 60°C, 18 h

Fig. 2-5. Carboxylate exchange scope. Unless noted yields are of isolated material. *Calibrated 'H NMR
spectroscopy yield using 1,3,5-trimethoxybenzene as an internal standard. 1.0 Equivalent 18-C-6
added. $%'C Incorporation and yield determined by analysis of the corresponding methyl or benzyl
ester.

I was able to expand the scope of the reaction, as shown in Fig. 2—6, to include
(hetero)arylacetic acid salts with anion-stabilizing groups, which can undergo
exchange exchange at moderate temperatures (2-20, 2-21, 2-22, 2-26) as well as
arylacetates with strongly electron-donating OMe or NMe: groups that required higher
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temperatures (2-29, 2-30 at 130 to 140 °C) and benefitted from the addition of 18-C-6.
The simplicity of the process enabled broad functional group compatibility, including
tolerance to boronic esters (2-23), aryl halides (I, Br, Cl, F; 2-21, 2-24, 2-25, 2-3),
sulfonyls (2-27), and potentially reactive heterocycles (chromenone 2-32, NH-indole
2-33, and thiophene 2-34). I also showed that the other classes of potassium
carboxylates can undergo reversible decarboxylation, including 3 -carboxysulfonyls
(2-35, 2-36) and malonate half-esters (3-37, 2-38). Alkene and terminal alkyne
functional groups did not interfere with the process (2-35, 2-36). Potassium malonates
underwent CO2 exchange at higher temperature (135 °C) to give a mixture of mono-

and doubly-labeled product along with '3C-enriched monoacid (2-39, 2-40).

G = (het I, ester, ket 13 -
( e‘ero)afy , es er: .e one, G._COK CO, (~1 atm) G 13CO,H % 13C incorporation (% yield)
amide, sulfonyl, nitrile X X iheorporation (%
R = aryl, alkyl, H R R then HCI R R emperature, ti

R—/ | 3CO,H
S 13CO,H
Sco,H Ckﬁ PhO,S. 3CO,H
2-20 2-CN 81% (81%) 80 °C, 19 h 30,1 COH

2-21 2-NO,-5-163% (77%)20°C, 6 h
2-22 4-CF392% (83%) 90 °C, 26 h

223 4-B(pin) 93% (73%) 100 °C. 5 h 2-31 902/ (83%) 2-32 27% (83%) 2-33 as:A, (64%)** 2-34 89% (70%)* 2-35 67% (74%)
2.24 4-Br 95% (77%) 110 °C, 14 h 90°C,2h 20°C,0.33 h 130°C, 25 h 100°C, 20 h 20°C,2h
2-25 3-Cl87% (77%) 110 °C, 9 h o
2-26 3,5-(CF3), 84% (85%) 80 °C, 19 h PhO,S . 12CO,H 13CO.H KO,C.__CO,K 3co, HO,"’C_R
2-27 4-SO,Me 87% (89%) 70 °C, 5 h hd EtO 2 _ j/
_ 1
225 .0Mo T2% (%) 146 °C, 21 v i T semecom s
29 4-OMe ) _ .

o (84%) ot 2-36 80% (84%)F  2-37 4-hexenyl 94% (80%) 60 °C, 22 h 2-39 R = CO,H 31% (82%)
2-30 4-NMe; 89% (72%)*1+130°C, 25 h 2-40 R=H 39% (12%)*

20°C, 26 h 2-38 4-hexynyl 87% (71%) 60 °C, 22 h -40R = o (12%)

Fig. 2-6. Expansion of carboxylate exchange scope. Unless noted, yields are of isolated material.
*Calibrated 'H NMR spectroscopy yield using 1,3,5-trimethoxybenzene as an internal standard. 1.0
Equivalent 18-C-6 added. $%'"C Incorporation and yield determined by analysis of the corresponding
methyl or benzyl ester.

2.2.3 Carboxylate Exchange/Derivatization to Access Alkyl
Carboxylic Acids

Simple alkyl carboxylates did not undergo CO: exchange (Fig. 2—7a) under our
standard reaction conditions because they lack strong anion-stabilizing groups adjacent
to the reactive carbon center. However, isotopically-labeled products of this class can
be obtained readily by carboxylate exchange/desulfonylation reations of [ -sulfonyl
acids (Fig. 2-7b) or exchange/decarboxylation sequences of malonic acids in three
steps (Fig. 2—7c¢).

We also were able to show that the potassium salt of diphenylmethylidene

glycine can undergo reversible exchange at room temperature to access [Ci-
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3C]diphenylmethylidene glycine (93% incorporation, 76% yield) (Fig. 2-7d). The
facile generation of [C1-'*C]diphenylmethylidene glycine serves as a starting point for
the synthesis of other labeled amino acids.

a. Simple alkyl carboxylates do not undergo CO, exchange

13CO2

Eta o~ ~_-COK X Eta N ~_SCOK
DMF, 150 °C 0% '3C incorp. at the carboxylate

position

b. Carboxylate exchange/desulfonylation reactions of B-sulfonyl acids

1.13C0O,, DMF, rt

MeO COK MeO. Sco,Me
2. Mel, rt
SO,Ph
3. Sml,, HMPA/Methanol

THF, -78 °C 2-41
66% '3C incorp.
64% vyield
Me Me 1.13CO,, DMF, rt

X X CO,K 2. Mel, rt Me Me
Me Wcone
3 Me

SO,Ph . Sml,, HMPA/Methanol
THF, -78 °C 2-42

65% '3C incorp.
74% yield

c. Exchange/decarboxylation sequences of malonic acids

1.13C0,, DMF, rt
2. DCC, DMAP, ‘BuOH

COK DCM, rt *Cc0,'Bu
m2Et 3. KOH/Methanol, 0 °C ©/V

then DMF, K,CO3, 2-43
10 °C 77% 13C incorp.
61% yield

d. Synthesis of '3C-diphenylmethylidene glycine

Ph Ph
~ 8CO, (~1 atm) ~
Ph N CO.K Ph N~ 13
2 DMF [0.1 M] COK
20°C,24h 2-44
93% '3C incorp.
76% vyield

Fig. 2-7. Derivatizations and synthetic intermediates.
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2.2.3 Mechanistic Studies

The reversible CO2 exchange process likely involves the formation of a carbon
nucleophile either from direct decarboxylation or, potentially, in the case of enolizable
substrates, through an enolate intermediate. Duanyang showed evidence for the
potential of direct decarboxylation as substrates with no alpha hydrogen (2-11, 2-12)
worked well under the standard conditions (Fig. 2—7a). He also showed evidence for a
dienolate nucleophile, such as the potassium salt of arylacetic acid (2-1) at 70 °C under
N2, which underwent slow net carboxylate/proton metathesis to generate a half
equivalent of the protodecarboxylated product (2-44) and a half equivalent of the CO»-
trapped malonate (2-45) (Fig. 2—7b). Product (2-44) likely arises from deprotonation
of'a second equivalent of aryl acetate to generate a dienolate nucleophile. The dienolate
intermediate can react with the COz released by the initial decarboxylation event. Also,
he showed that carbonic anhydride intermediates likely are generated under the reaction
conditions on the basis of the observed increase in « -carboxyl H/D exchange rates
with 1-Hz and 1-D2 under COz (Fig. 2—7¢).

a. Direct decarboxylation

G

+ 13
COK -CO; G K O, G 13coK
x o N —_— K 13CO,H
R R DMF R R DMF R R
Ph Ph

G= (hetero)aryl, ester, e
ketone, amide, e
sulfonyl, nitrile 97% '°C incorp.

R= aryl, alkyl, H
b. Carboxylate/proton metathesis under N,

NC via dienolate
N Ar H Ar. CO,K
Q(COzK —owr K—I ?%O K A /OK
DMF 2 rﬁ)\OK co,

HH 70°C, 24 h 45% 50%

H v
2-44 2-45

c. Evidence of anhydride formation: CO, enhances rate of enolate H/D exchange

N, or CO,

ArYCOZK AFXC%K - AchozK +1-H, via anhydride
H H o) 700%M1F5h D H +1-D, . Q j\
1-H, 1D, . 1-HD ;})Lo oK
kre| COZ/Nz =10 H

more
acidic

Fig 2—-8. Mechanistic control experiments.
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2-3 Summary and Conclusions
In summary, we showed that stable carboxylates can undergo reversible
decarboxylation/carboxylation in a polar aprotic solvent. We have utilized this finding
to develop a new strategy for the isotopic labeling of activated carboxylic acids with
isotopically-labeled ['*C]COz, based on a reversible decarboxylation/carboxylation
event of stable carboxylates. Our developed methodology has several merits, including
the broad scope of reactivity, broad functional-group tolerance, simple protocol, cost
effectiveness, and is a transition metal-free methodology.

We also showed that diphenylmethylidene glycine can undergo reversiable
exchange at room temperature, which serves as a starting point for the synthesis of

other labeled amino, acids as will be discussed in Chapter 3.

2.4 Procedures and Characterization

General Considerations

Unless noted, all reactions were conducted under inert atmosphere employing standard
Schlenk techniques or by the use of a Na-filled glovebox. All glassware was oven-dried
prior to use. Flash chromatography was performed, as described by Still and co-
workers'?® (SiliaFlash P60, 40-63um, 60A silica gel, Silicycle) or by automated flash
chromatography (SiliCycle silica cartridges, Biotage). Analytical thin-layer
chromatography was performed, using glass plates pre-coated with silica (SiliaPlate G
TLC - Glass-Backed, 250 um, Silicycle). HPLC analysis was accomplished on an
Agilent 1290 system with Daicel CHIRALPAK IA, IB, IC or IG columns (4.6 x 150
mm, 5 um particle size). NMR spectra (‘H, '*C, '°F) were obtained on an Agilent
VNMRS 700 MHz, Varian VNMRS 600 MHz, Varian VNMRS 500 MHz, or Varian
400 MHz spectrometer. HRMS analyses of carbon-13 labeled compounds were
performed on an Agilent Technologies 6220 0aTOF instrument (ESI, APPI and APCI)
or a Kratos Analytical MS-50G instrument (EI) in positive or negative ionization mode.
DMF and [*C]CO2 (99.0 atom % '*C) were purchased from Sigma-Aldrich. The
corresponding aryl acetic acids were obtained from commercial vendors. Potassium
aryl acetate salts (2-30, 2-13, and 2-14) were synthesized from the corresponding aryl

acetic esters, as described by Liu and co-workers.!*° Malonate half ester salts (2-37 and
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2-38) were synthesized according to the literature procedure from the corresponding

malonate  esters.!?%!3!

N-(diphenylmethylene)glycinate potassium 2-44 was
synthesized from ethyl N-diphenylmethylene glycine, as described by Alezra and co-
workers.!* Other aryl acetate salts were synthesized from the corresponding aryl acetic
acids, as described by Liu and co-workers. !
General Procedures and Characterization for Section 2.2
General Procedure A: In a glovebox filled with N2, potassium carboxylate salt
(0.1 mmol, 1.0 equiv), 1,3,5-trimethoxybenzene (an internal standard), and anhydrous
DMF or DMSO (1.0 ml) were added sequentially to a dried 4-dram vial charged with
a stir bar. The potassium carboxylates are moderately hygroscopic and best stored
under inert atmosphere, however, a glovebox is not required. The vial was sealed with
a PTFE-lined cap and removed from the glovebox. The reaction headspace was
evacuated (~ 300 mtorr), via a 25-gauge needle. Next, the headspace was refilled
carefully with ~1 atm ['*C]COz through the PTFE cap, using a 25-gauge needle, and
stirred at the corresponding temperature. Reactions at elevated temperatures were
heated in an aluminum block. 'H NMR or LC-MS analysis of small aliquots (~5 pL)
was used to follow reactions. Optimal temperatures for carboxylate exchange without
re-charging of ['3C]COz could be found by adjusting the temperature 1020 °C every
hour until *C incorporation was observed. Upon the desired incorporation of the
13C-isotope, the mixture was cooled to room temperature. Quantitative 'H NMR yields
were determined from crude reaction mixtures, using 1,3,5-trimethoxybenzene as an
internal standard prior to the purification. The mixture was diluted with H2O (10 mL)
and washed with EtOAc (3 x 10 mL) to remove the internal standard and proto-
decarboxylative side-product. Then, the aqueous layer was acidified, using 1M HCl
solution. The aqueous layer was extracted with EtOAc (3 x 10 mL), and the combined
organic layers were dried over anhydrous NaSOs, filtered, and concentrated in vacuo
to give the desired product. The *C% incorporation was determined using high-
resolution mass spectrometry.

For some substrates, the *C% incorporation was obtained through analysis of

the corresponding carboxylic acid ester compound obtained by esterification with Mel
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or BnBr. Then, Mel or BnBr (1 equiv.) was added to this solution at room temperature
and stirred for 1-2 h. (Quantitative '"H NMR yields were determined from crude
reaction mixtures, using 1,3,5-trimethoxybenzene as an internal standard prior to the
purification.) After purification through a series of extractions and column
chromatography, the desired product was obtained.

General Procedure B: Potassium carboxylate salt (0.1 mmol, 1.0 equiv.) was added
to a dried 4-dram vial charged with a stir bar. The vial was refilled with N2 and
evacuated under reduced pressure (3x). Under N2 flow, using a 1 mL syringe with a
25-gauge needle, DMF or DMSO (1 mL) was added to the reaction vessel. Then, the
reaction headspace is evacuated (~ 300 mtorr), via a 25-gauge needle. The remainder
of the procedure is identical to the General Procedure A.

Specific Experimental Details and Product Characterization Data

NC
\©\/9
13,
C“OH

2-1 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at room temperature for 24 h. After purification through a series of
extractions, as described in the general procedure A, the desired product was obtained
in 96% yield with 85% '*C incorporation. Procedure using the firee acid: Adapted from
the general procedure A, using 4-cyanophenylacetic acid (0.1 mmol, 1 equiv.), K2CO3
(1.5 equiv.) and 18-crown-6 (1 equiv.) in DMF and ["*C]CO2. The reaction mixture
was allowed to stir at room temperature for 19 h. The desired product was obtained
in >90% NMR yield with >95% '*C incorporation.

"H NMR (CDCls, 500 MHz) 6 7.63 (d, J= 8.2 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 3.73
(d, J=8.5 Hz, 2H);

13C NMR (CDCls, 125 MHz) & 175.9, 138.4, 132.4, 130.3, 118.5, 111.6, 40.9
(d, J=55.1 Hz);

HRMS (ESI): calcd for Cs['3*C]H7NO2Na [M+Na]": 185.0403. Found 185.0404.
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Q
13
C\OH

NO,

2-2 Prepared according to general procedure B from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at room temperature for 4 h. After purification through a series of
extractions, as described in the general procedure B, the desired product was obtained
in 87% yield with 94% '3C incorporation.

'TH NMR (CDCIls, 700 MHz) & 8.14 (dd, J = 8.2 Hz, 1.2 Hz, 1H), 7.61 (td, J = 7.5 Hz,
1.2 Hz, 1H), 7.51-7.48 (m, 1H), 7.37 (d, J= 7.5 Hz, 1H), 4.07 (d, J = 8.3 Hz, 2H);
I3C NMR (CDCls, 125 MHz) 6 175.6, 148.7, 133.9, 133.6 (d,J=2.1 Hz), 129.3 (d, J =
2.6 Hz), 129.0, 125.5,39.7 (d, /= 57.1 Hz);

HRMS (ESI): calcd for C7["*CJH7NO4 [M+NH4]": 200.0743. Found 200.0743.

F
0
CF3

2-3 Prepared according to the general procedure B from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 60 °C for 2 h. After purification through a series of extractions, as
described in the general procedure B, the desired product was obtained in 85% yield
with 90% '3C incorporation.
'"H NMR (CDCls, 700 MHz) & 7.67 (dd, J= 8.7 Hz, 5.5 Hz, 1H), 7.12 dd, /= 9.0 Hz,
2.3 Hz, 1H), 7.09 (td, /= 8.2 Hz, 2.2 Hz, 1H), 3.86 (dd, /= 8.3 Hz, 0.8 Hz, 2H);
I3C NMR (CDCls, 125 MHz) 6 176.0, 164.4 (d, J=253.2 Hz), 134.8 (ddq, J = 8.7 Hz,
2.6 Hz, 1.3 Hz), 128.7 (dq, J = 9.8 Hz, 5.1 Hz), 125.5, 124.0 (q, J=273.1 Hz), 120.0
(dd, J=22.7 Hz, 1.4 Hz), 114.9 (d, /= 21.7 Hz), 37.9 (d, J = 56.0 Hz);
YF NMR (CDCl3, 376 MHz) 6 —59.3, -107.5 (q, J = 7.0 Hz);
HRMS (ESI): calcd for Cs['*CJHsF402 [M-H]: 222.0265. Found 222.0268.
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2-4 Prepared according to the general procedure B from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 80 °C for 2 h. After purification through a series of extractions, as
described in the general procedure B, the desired product was obtained in 89% yield
with 95% '3C incorporation.

'TH NMR (CDCls, 700 MHz) 8 7.94-7.92 (m, 2H), 7.39 (d, /= 8.0 Hz, 2H), 3.72 (d, J =
8.0 Hz, 2H), 2.60 (s, 3H);

I3C NMR (CDCls, 125 MHz) 6 197.9, 178.4, 138.7 (d, J=2.9 Hz), 136.4, 129.8 (d, J =
1.9 Hz), 128.9, 41.0 (d, J = 55.5 Hz), 26.7,

HRMS (ESI): caled for Co['*C]H1003 [M+H]": 180.0737. Found 180.0729.

o

HJ\QVQ
13,
C\OH

2-5 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 55 °C for 2 h. After purification through a series of extractions, as
described in the general procedure B, the desired product was obtained in 22% yield
(53% NMR yield) with 66% '3C incorporation.

'"H NMR (CDCls, 500 MHz) 6 10.01 (s, 1H), 7.86 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.1
Hz, 2H), 3.76 (d, J = 7.5 Hz, 2H);

13C NMR (CDCls, 125 MHz) & 191.8, 174.6, 140.1, 135.6, 130.2, 130.1, 40.8
(d, J=55.4 Hz);

HRMS (ESI): calcd for Cs['*C]HoO3 [M+H]": 166.0580. Found 166.0576.

45



0]

13
C\OH

2-6 Prepared according to the general procedure B from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 80 °C for 17 h. After purification through a series of extractions, as
described in the general procedure B, the desired product was obtained in 90% yield
with 87% '3C incorporation.

'"H NMR (CDCls, 700 MHz) 6 7.30-7.29 (m, 2H), 7.27-7.26 (m, 2H), 3.58 (d, J = 7.7
Hz, 2H), 3.55 (s, br, 2H), 3.25 (s, br, 2H), 1.24 (s, br, 3H), 1.10 (s, br, 3H);

I3C NMR (CDCls, 125 MHz) 6 174.8,171.9, 135.5 (d, J=2.9 Hz), 135.2,129.4 (d, J =
1.9 Hz), 126.7,43.6, 41.3 (d, J=55.4 Hz), 39.7, 14.3, 13.0;

HRMS (ESI): calcd for Ci2["*C]H17NO3 [M+H]*: 237.1314. Found 237.1303.

O
13
C\OH

2-7 Prepared according to the general procedure B from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 70 °C for 17 h. After purification through a series of extractions, as
described in the general procedure B, the desired product was obtained in 79% yield
with 94% '3C incorporation.

'"H NMR (CDCls, 700 MHz) 6 8.02-8.00 (m, 2H), 7.36—7.35 (m, 2H), 4.37 (q, J = 7.1
Hz, 2H), 3.71 (d, /= 7.9 Hz, 2H), 1.39 (t,J= 7.1 Hz, 3H);

I3C NMR (CDCls, 125 MHz) § 176.8, 166.5, 138.3 (d, /= 2.7 Hz), 130.0, 129.8, 129.6
(d, /=19 Hz),61.2,41.0 (d, J=55.4 Hz), 14.5;

HRMS (ESI): calcd for Cio[*C]H1204 [M+H]": 210.0842. Found 210.0836.

OMe

@\/9
13,
C\OH

2-8 Prepared according to the general procedure A from the corresponding

carboxylate salt (0.1 mmol, 1 equiv.) and 18-crown-6 (1 equiv.) in DMF and [*C]COs.
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The reaction mixture was allowed to stir at 100 °C for 18 h. After purification through
a series of extractions, as described in the general procedure A, the desired product was
obtained in 78% yield with 89% '*C incorporation.

'"H NMR (CDCl3, 700 MHz) § 7.25-7.24 (m, 1H), 6.8-6.82 (m, 3H), 3.79 (s, 3H), 3.62
(d, J=7.7 Hz, 2H);

13C NMR (CDCl3, 175 MHz) & 176.9, 159.7, 134.6, 129.6, 121.7, 115.0, 112.9, 55.2,
40.9 (d, J=55.1 Hz);

HRMS (ESI): calcd for C3[*C]H9O3 [M-H]: 166.0591. Found 166.0586.

M
eo@\/ 9
13
MeO C‘OH

2-9 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) and 18-crown-6 (1 equiv.) in DMF and [*C]COs.
The reaction mixture was allowed to stir at 115 °C for 18 h. After purification through
a series of extractions, as described in general procedure A, the desired product was
obtained in 76% yield with 81% '3C incorporation.

'"H NMR (CDCIl3, 700 MHz) & 6.83 (s, 2H), 6.81 (s, 1H), 3.87 (s, 3H), 3.86 (s, 3H),
3.59(d,J="7.7 Hz, 2H);

13C NMR (CDCls, 175 MHz) & 177.7, 149.0, 148.4, 125.7, 121.6, 112.5, 111.3, 55.9
(2 carbon), 40.6 (d, J=55.1 Hz);

HRMS (ESI): caled for Co['*C]H1:104 [M-H]: 196.0696. Found 196.0691.

NO, Me
2-10 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at room temperature for 6 h. After purification through a series of
extractions, as described in the general procedure A, the desired product was obtained

in 76% yield with 93% '3C incorporation.
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'H NMR (CDCLs, 700 MHz) & 7.89 (d, J = 8.4 Hz, 1H), 7.6-7.54 (m, 2H), 7.43
(t, J=7.6 Hz, 1H), 4.24-4.20 (m, 1H), 2.17-2.13 (m, 1H), 1.86-1.83 (m, 1H), 1.40—
1.25 (m, 2H), 0.92 (t, J = 7.5 Hz, 3H);

13C NMR (CDCls, 125 MHz) § 177.8, 149.6, 133.1(2), 130.1, 128.3, 124.8,45.9 (d, J =
59.4 Hz), 34.6, 20.9, 13.8;

HRMS (ESI): caled for Cio[3C]H13NOsNa [M+Na]": 247.0770. Found 247.0769.

Q
13
C\OH

Ph” Ph

2-11 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at room temperature for 1.5 h. After purification through a series of
extractions, as described in the general procedure A, the desired product was obtained
in 90% yield with 93% '*C incorporation.

"H NMR (DMSO-ds, 700 MHz) & 7.31-7.22 (m, 9H), 7.12-7.11 (m, 6H);

3C NMR (DMSO-ds, 176 MHz) &174.3, 143.2, 129.9, 127.6, 126.6, 66.8
(d, J=54.4 Hz);

HRMS (ESI): calcd for Ci9['*C]H1602Na [M+Na]*: 312.1076. Found 312.1077.

2-12 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 85 °C for 1 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 96% yield
with 94% '3C incorporation.

'TH NMR (CDCI3, 700 MHz) & 7.64 (d, J= 8.6 Hz, 2H), 7.51 (d, J= 8.6 Hz, 2H), 1.61
(s, 6H);
3C NMR (CDCls, 175 MHz) & 181.7, 149.1, 132.3, 126.9, 118.6, 111.1, 46.8
(d, J=54.0 Hz), 26.1;
HRMS (ESI): calcd for Cio['*C]H11NO2Na [M+Na]*: 213.0716. Found 213.0712.
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2-13 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 50 °C for 16 h. Then, the solution was cooled down to room
temperature. Mel (1 equiv.) was added to this solution and stirred for 1 h. After
purification through a series of extractions and column chromatography, the desired
product was obtained in 80% yield with 48% '*C incorporation.

'H NMR (CDCl3, 500 MHz) & 8.57 (d, J = 4.8 Hz, 1H), 7.66 (td, J = 7.7 Hz,
1.8 Hz, 1H), 7.29 (d,J=7.9 Hz, 1H), 7.19 (dd,J=7.9 Hz, 15.3 Hz, 1H),3.86 (d, /= 8.2
Hz, 2H), 3.73 (s, 3H);

I3C NMR (CDCls, 125 MHz) 8§ 171.1, 154.4, 149.6, 136.7, 123.9, 122.2, 52.2, 43.8 (d,
J=57.4 Hz);

HRMS (ESI): calcd for C7['3C]Hi10NO2 [M+H]": 153.0740. Found 153.0738.

Qo
13
SN C oMe

2-14 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 50 °C for 16 h. Then, the solution was cooled down to room
temperature. Mel (1 equiv.) was added to this solution and stirred for 1 h. After
purification through a series of extractions and column chromatography, the desired
product was obtained in 68% yield with 29% '3C incorporation.

'H NMR (CDCl;, 700 MHz) & 8.61 (s, 1H), 8.54-8.53 (m, 1H), 8.50
(d, J=2.8 Hz, 1H), 3.89 (d, /= 8.3 Hz, 2H), 3.75 (t, /= 1.8 Hz, 3H);

13C NMR (CDCls, 175 MHz) §170.1, 150.3, 145.3, 144.2, 143.3, 52.4, 41.1
(d, J=57.8 Hz);

HRMS (ESI): calcd for Co['*C]JHoN202 [M+H]": 154.0692. Found 154.0696.
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2-15 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at room temperature for 15 h. Then, Mel (1 equiv.) was added to this
solution and stirred for 1 h. After purification through a series of extractions and
column chromatography, the desired product was obtained in 69% yield with 41% '3C
incorporation.

'"H NMR (CDCls, 700 MHz) & 8.56 (dd, J = 4.5 Hz, 1.7 Hz, 2H), 7.22 (dd, J = 4.5 Hz,
1.7 Hz, 2H), 3.72 (t, J= 1.4 Hz, 3H), 3.63 (d, /= 7.7 Hz, 2H);

I3C NMR (CDCl3, 125 MHz) § 170.5, 150.0, 142.7, 124.5, 52.3, 40.5 (d, J = 57.8 Hz);
HRMS (ESI): calcd for C7['3CJH10NO2 [M+H]": 153.0740. Found 153.0740.

2-16 Prepared according to the general procedure B from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 40 °C for 24 h. After purification through a series of extractions, as
described in the general procedure B, the desired product was obtained in 49% yield
(99% NMR yield) with 56% '*C incorporation.

TH NMR (CDCls, 700 MHz) 6 6.13 (s, 1H), 3.84 (d, /= 7.9 Hz, 2H), 2.29 (s, 3H);
I3C NMR (CDCls, 125 MHz) 6 172.6, 164.3, 160.3, 104.6, 32.5 (d, J = 58.8 Hz), 11.6;
HRMS (ESI): calcd for Cs['3*CJH7NO3 [M+H]": 143.0529. Found 143.0530.

o O
EtoJ\P&‘OBn
2-17 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 40 °C for 21 h. Then, the solution was cooled down to room
temperature. BnBr (1 equiv.) was added to this solution and stirred for 2 h. After
purification through a series of extractions and column chromatography, the desired

product was obtained in 82% yield with 37% '*C incorporation.
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'TH NMR (CDCl3, 700 MHz) & 7.38-7.33 (m, 5H), 5.19 (t, J= 1.8 Hz, 2H), 4.19 (q, J =
7.2 Hz, 2H), 3.42 (d, J= 7.6 Hz, 2H), 1.25 (t, J= 7.2 Hz, 3H);

13C NMR (CDCl3, 175 MHz) & 166.5, 166.4, 135.3, 128.6, 128.4, 128.3, 67.2, 61.6,
41.6 (d, J=59.2 Hz), 14.0;

HRMS (ESI): calcd for C11["*C]H1404Na [M+Na]*: 246.0818. Found 246.0818.

o O

13“
EtOJl\r C~OBn

Me

2-18 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]COz. The reaction mixture was
allowed to stir at 60 °C for 21 h. Then, the mixture was cooled down to room
temperature. BnBr (1 equiv.) was added to this solution and stirred for 2 h. After
purification through a series of extractions and column chromatography, the desired
product was obtained in 75% yield with 89% '*C incorporation.

'H NMR (CDCl3, 500 MHz) 6 7.38-7.31 (m, 5H), 5.22-5.15 (m, 2H), 4.21- 4.12
(m, 2H), 3.5 -3.45 (m, 1H), 1.45-1.43 (m, 3H), 1.21 (t, J= 7.2 Hz, 3H);

13C NMR (CDCls, 125 MHz) & 170.2, 170.0, 135.6, 128.6, 128.3, 128.1, 70.0, 61.4,
46.3 (d, J=58.1 Hz), 14.0, 13.6;

HRMS (ESI): caled for Ci2['*C]H1604Na [M+Na]": 260.0974. Found 260.0974.

0]

NC\1rSC\OBn

Me
2-19 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 60 °C for 18 h. Then, the mixture was cooled down to room
temperature. BnBr (1 equiv.) was added to this solution and stirred for 2 h. After
purification through a series of extractions and column chromatography, the desired
product was obtained in 82% yield with 67% '*C incorporation.
'H NMR (CDCl3, 700 MHz) & 7.39-7.36 (m, 5H), 5.26-5.22 (m, 2H), 3.61-3.56
(m, 1H), 1.61-1.60 (m, 3H);
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I3C NMR (CDCl3, 175 MHz) § 166.4, 134.5, 128.8, 128.7,128.3, 117.1, 68.3, 31.6 (d,
J=59.8 Hz), 15.2;
HRMS (ESI): calcd for Cio['*C]H11NO2Na [M+Na]*: 213.0716. Found 213.0717.

Q
13
C‘OH

CN

2-20 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 80 °C for 19 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 81% yield
with 81% '*C incorporation.

'"H NMR (CDCls, 400 MHz) & 7.68-7.66 (m, 1H), 7.57 (td, J = 8.2 Hz, 1.3 Hz, 1H),
7.38-7.43 (m, 2H), 3.92 (d, J = 7.4 Hz, 2H);

13C NMR (CDCls, 125 MHz)  175.2, 137.1, 132.9, 132.8, 130.7, 127.9, 117.4, 113.5,
39.3(d, J=62.6 Hz);

HRMS (APPI): calcd for Cs['*C]HsNO2 [M-H]: 161.0438. Found 161.0434.

|
o}
NO,

2-21 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at room temperature for 6 h. After purification through a series of
extractions, as described in the general procedure A, the desired product was obtained
in 77% yield with 63% '3C incorporation.

'"H NMR (CDsOD, 400 MHz) 8 7.91-7.89 (m, 2H), 7.8-7.81 (m, 1H), 3.99 (d, J = 8.1
Hz, 2H);

13C NMR (CDsOD, 100 MHz) & 173.3, 150.0, 143.5, 138.9, 133.5, 127.3, 101.6, 39.8
(d, J=55.3 Hz);

HRMS (APPI): calcd for C7['*C]HsINO4 [M]: 307.9381. Found 307.9377.
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2-22 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and [!*C]CO2. The reaction mixture was
allowed to stir at 90 °C for 26 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 83% yield
with 92% 3C incorporation.

TH NMR (CDCls, 600 MHz) 6 7.60 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 3.72
(d, J=17.7 Hz, 2H);

BC NMR (CDCls, 125 MHz) 8 176.0, 137.3, 130.3, 129.9 (t,J = 15.4 Hz), 125.7, 124.1
(q,/=271.8 Hz), 40.7 (d, J = 55.8 Hz);

YF NMR (CDCls, 376 MHz) & —62.6;

HRMS (APPI): calcd for Cs[*C]HsF302 [M-H]": 204.0359. Found 204.0356.

in)B
. \©\/9
13
C‘OH

2-23 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 100 °C for 5 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 73% yield
with 93% '3C incorporation.

"H NMR (CDCls, 500 MHz) 6 7.78 (d, J= 7.9 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 3.66
(d, J=7.9 Hz, 2H), 1.36 (s, 12H);

I3C NMR (CDCls, 125 MHz) 6 176.2, 136.4, 135.2, 128.8, 83.8,41.1 (d, J = 55.2 Hz),
24.9 (the quaternary carbon attached to boron was not observable);

HRMS (ESI): calcd for Ci3["*C]H23[''B]NO4 [M+NH4]": 281.1748. Found 281.1748.
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2-24 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 110 °C for 14 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 77% yield
with 95% '*C incorporation.

'"H NMR (CDCls, 500 MHz) 6 7.46 (d, J = 8.3 Hz, 2H), 7.16 (d, J = 8.3 Hz, 2H), 3.61
(d, J=8.7 Hz, 2H);

13C NMR (CDCls, 125 MHz) & 177.4, 158.8., 130.4, 125.3, 114.1, 40.1 (d, J = 55.9
Hz);

HRMS (APPI): calcd for C7['*C]HsBrO2 [M-H]: 213.9590. Found 213.9590.

@\/9
13
al C~oH

2-25 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 110 °C for 9 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 77% yield
with 87% 3C incorporation.

'"H NMR (CDCls, 400 MHz) 6 7.31-7.28 (m, 3H), 7.20-7.18 (m, 1H), 3.65 (d, J = 7.8
Hz, 2H);

13C NMR (CDCls, 125 MHz) & 176.7, 135.1, 134.5, 129.9, 129.8, 129.6, 127.6, 40.6
(d, J=56.2 Hz);

HRMS (APPI): calcd for C7['*C]H6ClO> [M-H]": 170.0095. Found 170.0093.

CF;

/©\/9
13
CF C‘OH

3

2-26 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]COz. The reaction mixture was

allowed to stir at 80 °C for 19 h. After purification through a series of extractions, as
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described in the general procedure A, the desired product was obtained in 85% yield
with 84% '3C incorporation.

TH NMR (CDCls, 400 MHz) 6 7.82 (s, 1H), 7.75 (s, 2H), 3.81 (d, J = 7.9 Hz, 2H);

13C NMR (CDCl3, 100 MHz) & 175.3, 135.5, 132.1 (q, J=33.2 Hz), 129.8, 123.2 (q J
=272.0 Hz), 121.6 (q, J = 3.8 Hz), 40.3 (d, /= 58.8 Hz);

YF NMR (CDCl3, 376 MHz) & —62.9;

HRMS (APPI): caled for Co[*C]HsFsO2 [M-H]: 272.0233. Found 272.0239.

(OO

Mej < 0

2-27 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 70 °C for 5 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 89% yield
with 87% '*C incorporation.
'"H NMR (CDs0OD, 600 MHz) & 8.1 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 3.95
(d, J=17.9 Hz, 2H), 3.10 (s, 3H);
3C NMR (CDs;OD, 125 MHz) & 174.1, 142.7, 140.6, 131.6, 128.5, 44.4, 41.8
(d, J=58.8 Hz);
HRMS (ESI): calcd for Cs['*C]JH1004SNa [M+Na]*: 238.0226. Found 238.0225.

@\/9
13
C\OH

2-28 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]COz. The reaction mixture was
allowed to stir at 120 °C for 47 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 83% yield
with 94% '3C incorporation. When the reaction mixture was stirred at 100 °C for 47 h
in the presence of 18-crown-6 (1 equiv.), the desired product was obtained in 92%
NMR yield with 81% '*C incorporation.

'TH NMR (CDCls, 500 MHz) 6 7.35-7.27 (m, 5H), 3.66 (d, J = 7.7 Hz, 2H);
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13C NMR (CDCl3, 125 MHz) &§177.4, 133.3, 129.4, 128.7, 127.4, 41.2
(d, J = 54.0 Hz);
HRMS (APPI): calcd for C7['*C]H702 [M-H]: 136.0485. Found 136.0485.

M
e0\©\/9
13
C\OH

2-29 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 140 °C for 21 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 84% yield
with 72% '*C incorporation.

'"H NMR (CDCls, 500 MHz) 6 7.20 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.4 Hz, 2H), 3.79
(s, 3H) 3.59 (d, /= 7.8 Hz, 2H);

3C NMR (CDCls, 125 MHz) §176.8, 132.3, 131.8, 131.2, 121.6, 55.2, 404
(d, J=55.3 Hz);

HRMS (APPI): caled for C3[*C]HsO3 [M-H]: 166.0591. Found 166.0590.

Me

13
C‘OMe

2-30 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 140 °C for 25 h. Then, Mel (1 equiv.) was added to this solution at
room temperature and stirred for 1 h. After purification through a series of extractions
and column chromatography, the desired product was obtained in 68% yield with 34%
B3C incorporation. When the reaction mixture was stirred at 130 °C for 25 h in the
presence of 18-crown-6 (1 equiv.), the desired product was obtained in 72% NMR yield
with 89% 3C incorporation.

'"H NMR (CDCls, 600 MHz) 6 7.15 (d, J = 8.7 Hz, 2H), 6.69 (d, J = 8.7 Hz, 2H), 3.67
(t,J=1.8 Hz, 3H), 3.53 (d, /= 7.9 Hz, 2H), 2.93 (s, 6H);
I3C NMR (CDCls, 125 MHz)  172.8, 149.8, 129.9, 121.8, 112.8, 51.9, 40.8, 40.3 (d, J
=60.0 Hz);

56



HRMS (APPI): calcd for Cio[ *C]H1sNO2 [M-H]: 193.1064. Found 193.1061.

2-31 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 90 °C for 2 h. After purification through a series of extractions, as
described in the general procedure A, the desired product was obtained in 83% yield
with 92% 3C incorporation.

TH NMR (CDCls, 600 MHz) & 7.34-7.27 (m, 10H), 5.10 (d, J = 8.5 Hz, 1H);

3C NMR (CDCl;, 125 MHz) 8178.1, 138.0, 1288, 128.7, 127.6, 57.0
(d, J=55.7 Hz);B

HRMS (ESI): calcd for Ci3['*C]H1202Na [M+Na]": 236.0763. Found 236.0762.

Q
130\

OH
A
MeO o” "0

2-32 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at room temperature for 20 min. After purification through a series of
extractions, as described in the general procedure A, the desired product was obtained
in 83% yield with 27% '*C incorporation.

'"H NMR (DMSO-ds, 600 MHz) & 7.62 (d, J = 8.8 Hz, 1H), 7.01 (d, J = 2.6 Hz, 1H),
6.96 (dd, J= 8.8 Hz, 2.6 Hz, 1H), 6.29 (s, 1H), 3.86 (d, /= 7.2 Hz, 2H), 3.85 (s, 3H);
13C NMR (DMSO-ds, 150 MHz) & 171.0, 162.8, 160.5, 155.4, 150.5, 127.0, 113.3,
112.9, 112.6, 101.3, 56.4, 37.7,

HRMS (ESI): calcd for C11["*C]H100sNa [M+Na]": 257.0464. Found 257.0462.
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2-33 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 140 °C for 60 h. Then, Mel (1 equiv.) was added to this solution at
room temperature and stirring was continued for 1 h. After purification through a series
of extractions and column chromatography, the desired product was obtained in 95%
yield with 18% '*C incorporation. When the reaction mixture was stirred at 130 °C for
25 h in the presence of 18-crown-6 (1 equiv.), the desired product was obtained in 64%
NMR yield with 65% '*C incorporation.

'H NMR (CDCls, 600 MHz) & 8.07 (s, 1H), 7.62 (d, J = 8.1 Hz, 1H), 7.36
(d,/J=8.1Hz, 1H), 7.13-7.22 (m, 3H), 3.80 (d, J = 7.7 Hz, 2H), 3.70
(t,J=2.1 Hz, 3H);

I3C NMR (CDCls, 150 MHz) & 172.5, 136.2, 127.3,123.1, 122.3,119.8, 118.9, 111.2,
108.6, 52.0, 31.2;

HRMS (ESI): calcd for Cio['*C]H11NO2Na [M+Na]: 213.0716. Found 213.0716.

j S O

_ 13II
C\OH

2-34 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 100 °C for 20 h. After purification through a series of extractions, as
described in the General Procedure A, the desired product was obtained in 70% NMR
yield with 89% '*C incorporation.

'TH NMR (CDCls, 400 MHz) & 7.24 (dd, J = 4.7 Hz, 1.9 Hz, 1H), 6.98-6.97 (m, 2H),
3.88 (d, J=7.8 Hz, 2H);

3C NMR (CDCls, 125 MHz) & 175.9, 134.1, 127.3, 1269, 125.5, 35.0
(d, J=55.1 Hz);

HRMS (ESI): calcd for Cs['*C]HsSO2 [M-H]: 142.0049. Found 142.0050.
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2-35 Prepared according to the general procedure B from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and [!*C]CO2. The reaction mixture was
allowed to stir at room temperature for 2 h. After purification through a series of
extractions, as described in the general procedure B, the desired product was obtained
in 74% yield with 67% '*C incorporation.

'TH NMR (CDCls, 700 MHz) & 7.98-7.96 (m, 2H), 7.71 (tt, J = 7.5 Hz, 1.4 Hz, 1H),
7.62-7.58 (m, 2H), 4.15 (d, J= 6.3 Hz, 2H);

BC NMR (CDCls, 125 MHz) & 165.9, 138.6, 134.7, 129.6, 128.7, 60.7
(d, J=58.2 Hz);

HRMS (ESI): calcd for C7['3CJHsO4S [M+Na]": 224.0066. Found 224.0070.

22,9
Ph” >~ OMe
Me

2-36 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at room temperature for 26 h. Then, Mel (1 equiv.) was added to this
solution and stirred for 1 h. After purification through a series of extractions and
column chromatography, the desired product was obtained in 84% yield with 80% '*C
incorporation.
'TH NMR (CDCl3, 600 MHz) & 7.89-7.87 (m, 2H), 7.70-7.67 (m, 1H), 7.59-7.56
(m, 2H), 4.10-4.03 (m, 1H), 3.68 (t,J= 1.8 Hz, 3H), 1.58-1.55 (m, 3H);
13C NMR (CDCl3, 150 MHz) & 166.7, 136.9, 134.3, 129.4, 129.1, 65.4 (d, J = 60.0
Hz), 53.0, 11.9;

HRMS (ESI): calcd for Co['3C]H12SOsNa [M+Na]*: 252.0382. Found 252.0381.

Q 9Q

13
EtO C‘OBn

Z
2-37 Prepared according to the general procedure A from the corresponding

carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
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allowed to stir at 60 °C for 22 h. Then, the mixture was cooled down to room
temperature. BnBr (1 equiv.) was added to this solution and stirred for 2 h. After
purification through a series of extractions and column chromatography, the desired
product was obtained in 80% yield with 94% '3C incorporation.

'H NMR (CDCl3, 600 MHz) & 7.36-7.32 (m, 5H), 5.78-5.72 (m, 1H), 5.2-5.15
(m, 2H), 5.02-4.94 (m, 2H), 4.16 (q, J = 7.8 Hz, 2H), 3.39-3.36 (m, 1H), 2.06
(q,J=6.4 Hz, 2H), 1.94-1.90 (m, 2H), 1.44-1.39 (m, 2H), 1.20 (t, /= 7.2 Hz, 3H);
13C NMR (CDCl3, 125 MHz) & 169.3(2), 137.9, 135.6, 128.6, 128.4, 128.2, 115.1,
67.0,61.4,51.9 (d, J=57.8 Hz), 33.3, 28.2, 26.6, 14.1;

HRMS (ESI): calcd for Ci6['*C]H2204Na [M+Na]": 314.1444. Found 314.1442.

0 O
EtO 136‘OH
A

2-38 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
stirred at 60 °C for 22 h. After purification through a series of extractions, as described
in the general procedure A, the desired product was obtained in 71% yield with 87%
13C incorporation.
'"H NMR (CDCls, 600 MHz) & 4.23 (q, J = 7.2 Hz, 2H), 3.43-3.39 (m, 1H), 2.24 (td, J
=6.9, 2.5 Hz, 2H), 2.06-2.02 (m, 2H), 1.96 (t, J = 2.7 Hz, 1H), 1.61 (q, /= 8.1 Hz,
2H), 1.29 (t, J = 7.1 Hz, 3H);
13C NMR (CDCls, 125 MHz) & 174.2, 169.3, 83.3, 69.1, 61.9, 51.2 (d, J = 55.5 Hz),
27.9,26.1,18.1, 14.1;

HRMS (ESI): caled for Co['3C]H1404Na [M+Na]": 222.0818. Found 222.0819.

KO,C.__CO,K 8co, HO,"3c. _13CO,H 1SCO,H
oo 7 J
Ph 135°C, 48 h Ph Ph
2 equiv. 18-C-6 2-39 2-40
31% (82%) 39% (12%)

2-39 and 2-40 Prepared according to the general procedure A from the

corresponding carboxylate salt (0.1 mmol, 1 equiv.) and 18-crown-6 (2 equiv.) in DMF
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and ['3C]CO.. The reaction mixture was allowed to stir at 135 °C for 48 h. After
purification through a series of extractions, as described in the General Procedure A,
the desired products 2-39 and 2-40 were obtained [2-39: 82% NMR yield with 31% *C
incorporation (19% di-'3C incorporation and 12% mono-'>C incorporation); 2-40: 12%
NMR yield with 39% '3C incorporation].

'"H NMR (CD30D, 500 MHz) & Product 2-39: 7.46-7.34 (m, 5H), 3.83-3.77 (m, 1H),
3.33 (d, J = 7.7 Hz, 2H); Product 2-40: 7.46-7.34 (m, 5H), 3.22-3.06 (m, 2H), 2.8—
2.74 (m, 2H);

I3C NMR (CDs0D, 175 MHz) & Product 2-39: 172.7, 139.9, 129.9, 129.5, 127.7, 54.8
(m), 35.3; Product 2-40: Only see the incorporated carbon from carboxylic acid due to
trace of product 2-40, 3: 176.8 (1*C);

HRMS (ESI): 2-39: di-'*C incorporation product: calcd for Cs['*C]2HoO4 [M-H]":
195.0573. Found 195.0570. mono-'3C incorporation product: caled for Co['*C]HoO4
[M-H]: 194.0540. Found 194.0539.

(1) CO,, DMF, rt o

MeO COK  (2) Mel, rt MeO 136
“OMe
SO,Ph

(3) Sml,, HMPA/MeOH 941
THF, -78 °C

2-41 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.2 mmol, 1 equiv.) in DMF and ['*C]COz. The reaction mixture was
allowed to stir at room temperature for 19 h. Then, Mel (1 equiv.) was added to this
solution and stirred for 1 h. After purification through a series of extractions and
column chromatography, '*C-labeled methyl 2-benzenesulfonyl-3-phenylpropionate
was obtained.

Adapted from the literature,'** a solution of Smlz (6.25 equiv.; 0.1 M solution
in THF) was placed under N2 atmosphere, and then HMPA (8.0 equiv.) and MeOH (50
equiv.) were added. '*C-labeled methyl 2-benzenesulfonyl-3-phenylpropionate (1.0
equiv.) in THF (0.1 M) was added at =78 °C. (If the typical deep blue color of Smli>
faded upon the sulfone solution addition, additional SmI> was added until the deep blue
color persisted.) The resulting mixture was stirred at —78 °C for an additional 5 h. The

saturated aq. NH4Cl was added, and the aqueous layer was extracted with EtOAc (x3).
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The combined organic layers were washed with saturated aq. Na2S203, brine, dried
over MgSO4 and evaporated under reduced pressure to give the crude mixture.
Chromatography on silica gel (10:1 Hexane:EtOAc) gave the title compound 2-41 (the
overall yield of 64% with 66% !'3C incorporation).

'TH NMR (CDCls, 400 MHz) & 7.22-7.19 (m, 1H), 6.79 (d, J = 7.5 Hz, 1H), 6.7- 6.74
(m, 2H), 3.79 (s, 3H), 3.67 (t,J = 1.9 Hz, 3H), 2.94-2.91 (m, 2H), 2.65-2.61(m, 2H);
I3C NMR (CDCls, 125 MHz) & 173.3, 159.7, 142.1, 129.5, 120.6, 114.1, 111.6, 55.2,
51.6,35.6 (d,J=57.3 Hz), 31.1;

HRMS (ESI): calcd for Cio["*C]H1403 [M]*: 195.0977. Found 195.0977.

(1) '3C0,, DMF, 35 °C

Me Me
~ ~ COK (2) Mel, rt Me Me Q
Me S S o
SO,Ph  (3)Smly, HMPAMeOH M€ OMe
THF, -78 °C 2-42

2-42 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.2 mmol, 1 equiv.) in DMF and ['*C]CO2. The reaction mixture was
allowed to stir at 35 °C for 25 h. Then, Mel (1 equiv.) was added to this solution and
stirred for 1 h at rt. After purification through a series of extractions and column
chromatography, 'C-labeled sufone was obtained. Adapted from the literature,'*? a
solution of Sml2 (6.25 equiv.; 0.1 M solution in THF) was placed under N2 atmosphere,
then HMPA (8.0 equiv.) and MeOH (50 equiv.) were added. '*C-labeled sulfone (1.0
equiv.) in THF (0.1 M) was added at —78 °C. (If the typical deep blue color of Smi:
faded upon the sulfone solution addition, additional Smi> was added until the deep blue
color persisted.) The resulting mixture was stirred at =78 °C for an additional 5 h. The
saturated aq. NH4Cl was added, and the aqueous layer was extracted with EtOAc (x3).
The combined organic layers were washed with saturated aq. Na2S203, and brine, dried
over MgSO4 and evaporated under reduced pressure to give the crude mixture.
Chromatography on silica gel (20:1 Hexane:EtOAc) gave the title compound 2-42 (the
overall yield of 74% with 65% '3C incorporation).

TH NMR (CDCIl3, 600 MHz) & 5.11-5.05 (m, 2H), 3.66 (t, J= 1.8 Hz, 3H), 2.35-2.30
(m, 4H), 2.07-2.03 (m, 2H), 1.98-1.94 (m, 2H), 1.67 (s, 3H), 1.61 (s, 3H), 1.59 (s, 3H);
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13C NMR (CDCl3, 150 MHz) 8 173.9, 136.8, 131.5,124.2,122.4,51.5,39.7,34.3 (d, J
=57.6 Hz), 26.7, 25.7, 23.6, 17.7, 16.1;
HRMS (ESI): calcd for Co['*C]H1502 [M]": 168.1106. Found 168.1105.

(1) 3C0,, DMF, 60 °C

Ph (2) DCC, DMAP, ‘BuOH o
DCM, rt N
EtO , 13
\V\j\COZK P >"0my

] (3) KOH/MeOH, 0 °C 2.43
then DMF, K,COs, 110 °C

2-43 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at 60 °C for 6 h. After purification through a series of extractions, as
described in the General Procedure A, '*C-labeled 2-benzyl-3-ethoxy-3-oxopropanoic
acid was obtained. When the reaction mixture was stirred at 40 °C for 1 h in the
presence of 18-crown-6 (1 equiv.), the desired product was obtained in 95% yield
with >95% '3C incorporation.

Adapted from the literature,'3* a solution of the above '3C-labeled carboxylic
acid in DCM (0.3 mL) was added to a solution of ‘BuOH (1.25 equiv.) and DMAP
(0.03 equiv.) in DCM (0.15 mL) at 0 °C. A solution of N, N’-dicyclohexylcarbodiimide
(1.3 equiv.) in DCM (0.1 mL) was added. The mixture was stirred overnight at room
temperature, and the precipitate formed was filtered off through celite with Et2O. After
removing the solvent under vacuum, the residue was chromatographed on silica gel
(10:1 Hexane:EtOAc) to afford '*C-labeled 1-tert-butyl 3-ethyl 2-benzylmalonate.

Adapted from the literature,'* KOH (1M, 2.0 equiv.) in MeOH solution was
added into '*C-labeled 1-tert-butyl 3-ethyl 2-benzylmalonate at 0 °C. The reaction was
stirred for 3 h, and then the solvent was removed in vacuo. The resulting yellowish oils
were dissolved further in saturated NaHCO3 and washed with Et2O to remove traces of
unreacted starting materials. Then, the aqueous layer was acidified with conc. HCI until
approx. pH = 2 and extracted with EtOAc (x2). The combined organic phases were
washed with brine, dried over Na2SOs, filtered, and concentrated in vacuo to give *C-
labeled 2-benzyl-3-(tert-butoxy)-3-oxopropanoic acid. Then, to a solution of '3C-

labeled 2-benzyl-3-(tert-butoxy)-3-oxopropanoic acid in DMF (0.5 mL) was added
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K2COs3 (1.0 equiv.) and stirred at 110 °C for 14 h. The solution was extracted with
EtOAc (x3), washed with brine, dried over Na2SOs, filtered, and concentrated. The
residue was chromatographed on silica gel (20:1 hexane: EtOAc) to afford the title
compound 2-43 (the overall yield of 61% with 77% '*C incorporation).

'"H NMR (CDCls, 600 MHz) 6 7.29-7.27 (m, 2H), 7.21-7.18 (m, 3H), 2.92-2.89 (tt, J
=17.5 Hz, 2.2 Hz, 2H), 2.92— .89 (m, 2H), 1.42 (s, 9H);

3C NMR (CDCl3, 150 MHz) & 172.4, 140.9, 128.5, 128.4, 126.2, 80.4, 37.2
(d, J=57.1 Hz), 31.2, 28.2;

HRMS (ESI): calcd for Ci2["*C]H1802Na [M+Na]*: 230.1233. Found 230.1236.

‘; \)J\ (1) 3C0O,, DMF, rt O /NJg\OBn

(2) DMF, BnBr, rt

O 2-44

2-44 Prepared according to the general procedure A from the corresponding
carboxylate salt (0.1 mmol, 1 equiv.) in DMF and ['3C]CO2. The reaction mixture was
allowed to stir at rt for 24 h. The '*C isotope incorporation was determined to be 93%
through analysis of high-resolution mass spectrum of the corresponding carboxylic
acid. Then, BnBr (1 equiv.) was added to this solution and stirred for 2 h at room
temperature. The mixture was diluted in DCM (10 mL) and sat. NaHCO3 solution
(5 mL). The aqueous layer was extracted with DCM (3 x 10 mL), and the combined
organic layers were washed with sat. NaHCOj3 solution (5 mL), dried over anhydrous
NaSOu, filtered, and concentrated in vacuo to give the desired product 61 in 76% yield
with 93% '3C incorporation.
'"H NMR (CDCls, 500 MHz) & 7.66 (d, J= 7.6 Hz, 2H), 7.46-7.32 (m, 11H), 7.16 (dd,
J=17.7Hz, 3.7 Hz, 2H), 5.19 (d, /= 2.7 Hz, 2H), 4.26 (d, J = 7.0 Hz, 2H);
13C NMR (CDCls, 125 MHz) 8 172.1 (q), 170.5, 139.3, 136.0, 135.8, 130.5, 128.8,
128.7 (2), 128.6, 128.3, 128.2, 128.1, 127.7, 65.6, 55.7 (d, J = 63.4 Hz);
HRMS (ESI): calcd for Ci2["*C]H20NO2 [M+H]*: 331.1522. Found 331.1520.
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CHAPTER 3

Synthesis of Isotopically-labeled Racemic a-Amino
Acids Using Achiral Aldehyde Catalysis in Conjuction
with Isotopically-labeled CO;

3.1 Introduction

a-Amino acids are a family of organic compounds containing carboxyl and amine
functional groups, which are a major component of protein scaffolds and hence of
biological structures. a-Amino acids are a key building block of life and are found
increasingly in clinical candidates (for example, antivirals ledipasvir, cobicistat,
voxilaprevir, and anti-cancer drugs methotrexate, bortezomib, carfilzomib, alpelisib)

(Fig. 3-1).1361%9

N RF 5 . ‘\8*
N \> * t’i‘ o N
DON/t)N O.O )\Q HN’go Mesn
>“"Z?H 1/ ©\‘ " HN’go

Ledipasvir Cobicistat

COH
ST e

Methotrexate Bortezomib

Fig. 3—1. a-Amino acids in clinical candidates.

Isotopically labeled a-amino acids and their derivatives have widespread use in

41

structural and mechanistic biochemistry,'*’ quantitative proteomics,'*! absorption
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142-143

distribution metabolism and excretion (ADME) profiling, and as imaging agents

in positron emission tomography (PET) techniques.'#!4¢

The incorporation of '¥*C into the a-amino acids can be done by using classical
methods. General approaches include the cyanation of electrophiles with ['*C]CN,
followed by hydrolysis (Fig. 3-2a),'4* carboxylation of organometallic with
[1*C]CO2 (Fig. 3-2b),"3%15! the use of C-labeled acetate as a precursor (Fig. 3-2¢),*
153 and alkylations with *C-labeled electrophiles (Fig. 3-2d).!>* These methods can be
utilized to prepare enantioenriched isotopically labeled a-amino acids via enzymatic
approach after the insertion of labeled carbon. The enzymatic approach includes
enzymatic kinetic resolution, such as acylase, as shown in (Fig. 3-2a),'4"'* and the
use of lyases for stereoselective C—N bond formation, as shown in (Fig. 3—2¢).!5> 133 It
also can be done by using chiral auxiliaries for a-alkylation or a-amination, as shown
in (Fig. 3-2d),'** and enantioselective hydrogenation of enamines, as shown in (Fig. 3—

26).155
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a. Cyanation of electrophiles with "3CN followed by hydrolysis

1. K'3CN, NH;

s 13C0,H acylase s 13COZH
e 2 » b
T 2. conc HCI pH 7.0, 37 °C Y
’ NHCOMe - NH,
3.CH,;COCI .
43% vyield
99.8% ee
98.5% 13C incorp.
b. Carboxylation of organometallic with '3CO,
1. MeOMgO'3CO,Me 13CO,H Pd/C, H, (1 atm) 13CO,H
MeNO, r _—
2. conc HCI NO, AcOH NH,
58% yield 39% yield

c. Using of C-labeled acetate as a precursor

phenylalanine ammonia

1. Ac,O lyase(PAL 13
Me'3CO,Na NG yase(PAL) CO,H
2. PhCHO NH4+ NH,
49% vyield
d. Alkylations with '3CHl
+
2 NH;
HN’( 1.BulLi, PrCOCI CO.H 4.PhzPCHCN,EDCI, DMAP " /Y\Ca
o) 2 € 2
o 2.NaHMDS, 3cHyl M@ . 5.03, MeOH, DCM 150K
\\ 3. LiOH, H,0 CHs 6. andida rugosa (CRL) then 3
leucine dehydrogenase (LeuDH), 55% yield
reduced nicotinamide adenine
dinucleotide (NADH)
e. Enantioselective hydrogenation of enamines to access enantioenriched a-amino acids
H
H 1.D"3CO,Et, NaOEt, 15\DB> 3. ((S,S)- Et-DUPHOS-Rh), 2 1300,H
13&’H EtOD TBDPSO, 134 pcMm O\, 15cZ
P 130713 e
Et0,"°C”" s 2. TBDPSCI, DM ¢~ COEt 4 TBAF, THF then 6 M HCI 5
NDBz , D oS\
H
Et 28% vyield

P
EtW

0,
X

Et

(S.S)- Et-DUPHOS

Fig. 3-2. Classical methods for synthesis of 1*C-labeled-a-amino acids.

The short half-life of !'C (20 min) makes the multi-step preparation of ''C-a-
amino acids targets needed for PET problematic. Current approaches are restricted to

cyanation/hydrolysis reactions. using ['!C]CN~ (Fig. 3-3a),'’ Another approach
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includes the use of [''C]CH:l; an example of this is methylation of methionine with
''CH3I to get [S-methyl-!'C]methionine (Fig. 3-3b).!>’[Ci-!!C]glutamine or glutamate
can be prepared by conjugate additions to ''C-acrylates (Fig. 3-3c).!>® All these
methods occur with low to moderate radiochemical yields and require time-consuming,
multi-step approaches.

a. Cyanation of electrophiles with "'CN followed by hydrolysis

1. K''CN, NH,OH

rt -80 °C, 5 min 1
' S CO,H
s ) Me”
Me” I NNF 2.10 M NaOH V\,\E
60-80 °C, 5 min 2
5% RCY
b. Methylation with "' CHgl
S, NaOH HS\/YcozH CH,l u ”C’S\/YCOZH
o —— ————— Hj
100 °C
NH, NH,
NH;CI 17% RCY

c. Conjugate additions to ''C-acrylates

Ph Ph
3 .NH 0
1
C<
O'Bu ol . NH,
Ph /—< . H Pho, NaOH ! H HoN
>=N 0O /11C' _— Ph _ - o
PH 6 Ph >—N 6] 2 min oo

Ph
51.2£30.0% RCY

Fig. 3-3. Classical methods for synthesis of !'C-a-amino acids.

Nature catalyzes COz extrusion from a-amino acids with decarboxylases, which
convert o-amino acids to Schiff bases (imines) via condensation with pyridoxal
phosphate (Fig. 3—4). After condensation between an a-amino acid and the aldehyde
unit of pyridoxal phosphate, decarboxylation leads to an aza-allyl quinonoid
intermediate, which subsequently is protonated and hydrolyzed to give an amine
product.”!%° The small molecule catalysis of a-amino acids decarboxylation is known

but occurs only at high temperatures (150 °C).'¢°
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%0,P0 R

J
H,N NI X o H,N™ "COH
HN
Z OH
Me
+ +
H,0, H H,0, H
#0,P0 #0,P0 .
+ + -
NP H%R S \H)\coz
+
HN_ ~ oH HN = OH
e v e
co,

Fig. 3—4. Mechanism for pyridoxal phosphate catalyzed a-amino acid decarboxylation.

a-Amino acids lack the required anion stabilizing ability to undergo
decarboxylation under normal laboratory conditions, and their spontaneous
decarboxylation is exceptionally slow.!¢! The established methods for carboxylate
exchange of a-amino acids include chemical activation-decarboxylation-metalation-
carboxylation sequences mediated by transition metals. Baran et al. reported using V-
hydroxyphthalimide derivatives in the presence of Ni-promotors to generate [Cs-'>C]
glutamic acid, however, Cl-carboxylate and amino group protection is required, and
the process is not general for other amino acids (Fig. 3—5a).!'3 Also, carboxylate
exchange of a-amino acids can be carried out under photochemical conditions. For
example, certain N-protected cyclic a-amino acids can undergo oxidation-induced
decarboxylation and subsequent recapture of COz after reactions with activated alkenes

to form y-amino acids (Fig. 3-5b).!®?
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a. Ni-promotors to generate [13C]—Cs—labeled glutamic acid

CO,H CO,NHPI BCO,H

=
RAE NiBr, glyme . I
BhO H formatlon _formation neocuproine ligand Me” °N z |
n n — > BnO

\H/\NHCbZ \[]/\NHCbZ Mn, 50 psi '°CO, \n/\NHCbz Ny

o DMF T
‘redox-active’ 17%130 incorp. neocuproine ligand
ester (RAE) 23% yield

b. Oxidation-induced decarboxylation and subsequent recapture of CO,

CsF (2.0 equiv)
. . 9 Ph
JJ\ . R=-CO,H Ir[dF(CF3) (ppy)lo(dtbbpy)-PFg (0.5 mol %) HO,C .
Ph Ph DMA, 30 W blue LED, rt,N,, 8 h Ph
then 2N HCI

Ph NHBoc Ph  NHBoc

MeO,C MeO,C
Ph Bn Ph Pr
from N-Boc-Phe-OH from N-Boc-Val-OH
49% yield 35% yield

Fig. 3-5. Literature methods for carboxylate exchange of a-amino acids.

Knowing that nature can catalyze CO: extrusion from o-amino acids with
decarboxylases, we questioned whether we could use an aldehyde catalyst to develop
a reversible carboxylate exchange reaction in a-amino acids. Potentially, this would
help with the preparation of carbon-11 labeled amino acids that are needed in PET
techniques. Section 3.2 describes the development of the reversible decarboxylation of
a-amino acids with isotopically labeled CO: in the presence of achiral aldehyde

catalyst.

3.2 Development of Aldehyde-Catalyzed Carboxylate
Exchange in a-Amino Acids with Isotopically-labeled CO:

3.2.1 Discovery and Optimization of the Methodology

a-Amino acid derived imino carboxylic acids are known to undergo a-H/D exchange
in the presence of D20.!% In addition to that, in concert with Audisio and co-workers,
we established that certain electronically-stabilized carboxylic acids, like aryl acetates
and malonic half-esters, undergo reversible decarboxylation in polar aprotic solvents

1123,164

by therma or photochemical methods.!%>1% In particular, we showed in a

previous project!® that the potassium salt of diphenylmethylidene glycine can undergo
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reversible exchange at room temperature, which serves as a starting point for this
project. Given the propensity of a-amino acid derived imino carboxylic acids to
undergo o-H/D exchange in the presence of D20'®* and the potential for

123,164-166 we viewed this reaction

decarboxylation to be reversible in a range of contexts,
manifold as an opportunity to develop methods for the direct C1-labeling of a-amino
acids using ['*C]CO:s.

Initially, we tried to mimic the conditions for the potassium salt of
diphenylmethylidene glycine (Fig. 3—6a) by preparing the imine carboxylate
derivatives for other amino acids, like alanine, and then subjected them to the exchange
conditions from our previous project.'®* However, we observed a low chemical yield
and moderate incorporation. The low chemical yield might be due to other side

products which include protodecarboxylation and trapped aldehyde products (Fig. 3—
6b).

" KOH on 13 /FQ
CO; (~1 atm) o~
_— =
Ph” SN CO,E _ Ph/&NACOZK — P N g0k
MeOH/THF (4:1) 56% vield DMF [0.1 M] 2
0°C, 10 min o yle 20°C. 24 h 93% "3C incorp.
76% yield

42% yield over two steps

Me 1. PhCHO, Et;N, DCM H Me 130, (~1 atm) B Me
—_—_—
EtO,C” “NH,.HCl 2. KOH, MeOH/THF (4:1) Ph” N7 ~CO,K DMF [0.1 M] Ph™ "N 13co,k
0°C, 10 min 40°C, 24 h 40% 3C incorp.

20% NMR yield

Fig. 3—6. Reversible decarboxylation of a-amino acid derivatives.

After that, we examined the possibility of using an aldehyde catalyst and a-
amino acid in situ with conjunction of ['*C]CO2 to develop a one-pot strategy for the
labeling of a-amino acids. After a wide range of screening of aldehyde catalysts, bases,
and solvents, we found that in the presence of 20 mol% 4-anisaldehyde and 40 mol%
Cs2C0Os3 in DMSO at 70 °C, Cl-exchange in phenylalanine to generate (£)-[Ci-
3C]phenylalanine is observed with 75% '*C incorporation and 84% yield when ~8

equivalents of ['*C]CO:z are supplied. Fig. 3—7 provides an overview of experimental
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parameters important to observing a productive a-amino acid carboxylate exchange
with externally supplied ['*C]COz. Other polar aprotic solvents (DMF or DMA) can be
used, but the extent of incorporation is decreased. The reaction does not occur in MeOH
or H2O, and unlabeled substrate is recovered quantitatively. Trace carboxylate
exchange is detected at room temperature with near-quantitative recovery of substrate,
while at 130 °C, high incorporation and yields are observed after 30 min, using 75%
catalyst (60% incorporation, 80% yield). When approximately one equivalent of
['*C]CO2 is supplied, exchange equilibrium nearly is achieved with a moderate
reduction in yield (40% incorporation, 65% yield). Catalyst loadings as low as 5 mol%
can be used in combination with higher reaction temperatures (90 °C). Without catalyst,

no isotope exchange is observed up to 160 °C.

20 mol% catalyst

Ph 8CO, (~ 1 atm, 8 equiv) Ph
H,N” ~CO,H 40% Cs,CO3 H2N113002H
DMSO.70°C. 28 h ['3C]-3-1a
catalyst 84% yield, 74% incorp.
CHO
Meo/©/
variation to standard conditions impact of catalyst
3Cinc. (%) Y (%) 13C inc. (%) Y (%)

no change 74 84 benzaldehyde 62 74

DMF instead of DMSO 26 90 4-CF3-benzaldehyde 38 66

DMA instead of DMSO 27 83 pyridoxal phosphate 8 74

MeOH or H,0 instead of DMSO <2 >95 cyclohexane carboxaldehyde 10 90

rtinstead of 70 °C 5 95 acetone 14 94

50 °C, 75% cat. (24 h) 76 69 acetophenone 14 97

130 °C, 75% cat. (0.5 h) 60 80 4-Cl acetophenone 12 96
160 °C no catalyst <2 <2
5% cat instead of 20% 18 95
5% cat instead of 20% at 90 °C 40 51
K3PO, instead of Cs,CO3 23 95
20% Cs,COj instead of 40% 31 65
1 equiv. of 13CO, instead of 8 equiv. 40 65

Fig. 3-7. Overview of impact of reaction parameters and catalyst structure on the carboxylate exchange
of a-amino acids.
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4-Anisaldehyde is the optimal catalyst for carboxylate exchange because of its
balanced electrophilicity. The use of more electrophilic aryl aldehyde catalysts resulted
in lower yields due to competitive trapping, while less electrophilic catalysts mediate
slow rates of isotope exchange (Fig. 3-7). Pyridoxal phosphate, alkyl aldehydes, and
various ketones catalyze carboxylate exchange but only with low levels of
incorporation (8—14%).

The impact of catalyst electrophilicity on reaction rates and a-amino acid
recovery was examined in more detail (Fig. 3—-8a). (Note that reaction sampling
decreases the final 1*C incorporation compared to standard conditions in a sealed vial).
4-Anisaldehyde provided relatively slow rates of exchange but exhibited a long
lifetime, ultimately resulting in a larger amount of labeled product. The more
electrophilic catalysts 4-CF3- or 4-CN-benzaldehyde gave fast initial rates of
carboxylate exchange but are consumed quickly in the reaction (<20% catalyst remains
after 1 h, compared to 60% for 4-anisaldehyde). These more electrophilic catalysts lead
to the irreversible formation of the trapped aldehyde product which consume the
aldehyde catalyst quickly. As a result of that, this catalyst decomposition results in
worse terminal '*C incorporation and reduced phenylalanine mass balance (~30%
incorporation and 80% yield).

Our collaborators at Sanofi, Volker Derdau and Armin Bauer, showed that the
process can be modified readily to introduce *C-labels for applications in radiolabeling
studies. ['*C]COz is generated in situ from Ba['*C]CO3 and can be used to prepare (+)-
[Ci-!*C]phenylalanine with 53% '“C incorporation, which was obtained in 51% yield
after HPLC purification (11% overall radiochemical yield from Ba['*C]CO3) (Fig. 3—
8b).
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% 3C incorporation

Ph

20% ArCHO

3C0, (~1 atm, 8.0 equiv)

H,N” NCO,H

40% 052003

DMSO [0.1 M], 70 °C, 24 h

Ph

HN™ 13co,H
['3c]-3-1a

R

OMe [fast exchange, highest

H [fastest exchange, moderate recovery]

CF; [fast exchange, moderate

CN [fast exchange, moderate recovery]

recovery]

recovery]

Phe recovery

60 at24h
79% [H]
ooo--=77Q 90%[OMe] o
40 o0 z
m,'a - 80% [CF3] <
éd)fooo L oien =
20 | oS’ o 5
gBoo :
] ]
) iz
lp =
0 &
0 6 12 18 24
time (h)
b.
Ba'‘COs = "CO,(26equiv)
(2,313 MBg mmol™) 20% catalyst
Ph
40% Cs,CO;4
DMSO [0.1 M], 70 °C, 17 h
H,N” >COLH

catalyst

MeO

3.2.2 Scope of the Methodology

Aldehyde catalyzed carboxylate exchange is amenable to labeling a diverse range of

74

20 |
D 4-CF,
15 @
oo
10 !8\‘ “~. 4-OMe
5E oL
‘. el 4H
e S - IR
0 6 12 18 24
time (h)
Ph
HN™ 14Cco,H
[C]-3-1a

11% RCY from Ba'#CO;
(1,236 MBg mmol™")
53% '4C inc.

51% yield (5.9 mg)
>98% purity

Fig. 3-8. a. Kinetic analysis and lifetime of aldehyde catalysts on the carboxylate exchange of
phenylalanine, b. translation of a-amino acid carboxylate exchange to '“C radiolabeling.

unprotected a-amino acids, including most proteinogenic substrates (Fig. 3-9a).
Aliphatic and aromatic a-amino acids can be labelled in 31-75% '3C-incorporation
with >50% yield (+)-phenylalanine, (+)-leucine, (3—1, 3-2). In most cases, products
were isolated as the corresponding N-tert-butyloxycarbonyl products for convenience.

B-Branched aliphatic and cyclic substrates, such as (+)-valine (3-3, 19%) were labeled



to a lower extent under modified conditions. Acidic or basic side-chain groups
generally were well-tolerated to give 23—55% incorporation of label (3-4, 3-5, 3-6, 3-
7, 3-8, 3-9). To gauge the potential application of the methodology for carbon-14
preclinical and clinical ADME studies, the observed ['*C]CO: incorporations can be
converted to the theoretical specific activities that would result from using ['*C]COs.
This is done by translation of '*C incorporation to '*C theoretical specific activity as
shown in Fig. 3-9b. In general, higher incorporations of '*C (>20 uCi/mg) are required
for all preclinical and clinical ADME studies.!!> Nonetheless, levels of isotope
incorporation useful for ADME studies!!® were obtained in all cases, except histidine,

cysteine, and threonine (3-10, 3-11, 3-12).

20 mol% ArCHO catalyst

R 3C0, (~ 1 atm) i
H,N” > CO,H Cs,C0;, DMSO, 70-90 °C R'HN™ °COH
[then Boc,0] % 13C incorp. (% yield)

Proteinogenic Amino Acids

Me Me.__Me 9 H2N_ 20
Me I H,N
BocHN” "3CO,H

BocHN” 13CO,H BocHN” 13CO,H BocHN” 3CO,H BocHN” 13CO,H

3-175% (71%) 3-2 51% (69%) 3-319% (59%) 3-4 68% (90%)" 35 28% (85%)’

o HO._O H
HoN HoN N
o HO' \[r \/j <10% '3C incorp.
HoN CO,H HN 3-10 His

13 HoN™ 13CO,H
BocHN” *CO,H BocHN” 3C0,H 2 2 3-11 Cys
3-8 38% (89%)' 3.718% (47%) 3-8 55% (73%)" 3-923% (86%)' 342 Thr
b.
ded 13C 62.4 mCi/mmol based on mw . 14
. fecorded (maximum theoretical SA = derived "CSA —————»  derived “CSA
incorporation (%) for a single carbon-14 label) (mCi/mmol) of the product (HCi/mg)
LSC/AMS analysis required suitable for clinical ADME studies suitable for all preclinical
| for clinical ADME studies | with HPLC analysis | and clinical ADME studies _
I | I -
0 uCifmg 10 uCilmg 20 uCifmg

Fig. 3-9. a. Aldehyde-catalyzed carboxylate exchange of proteinogenic a-amino acids with ['3C]COs.
[i] Yield determined by 'H NMR spectroscopy, [ii] 75 mol% catalyst, 100% Cs>COs, 0.017 M, b.
Translation of '*C incorporation to '“C specific activity.
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High label incorporation can be obtained through re-subjecting the product to
the exchange conditions, for example, in the case of (3-1a), 96% '*C labelling and 54%
yield is achieved after a second exchange cycle.

Other co-workers in our lab (Mike Doyle, Chris Cooze, and Duanyang Kong)
assisted with expanding the scope of the reaction. Mike helped to examine the scope of
proteinogenic a-amino acids, and he did most of the non-natural a-amino acids under
the standard reaction conditions shown in (Fig. 3—10). Chris and Duanyang conducted
selected scope examples, such as (£)-glycine and (£)-serine (3-15, 3-16). Mike was
able to isolate other proteinogenic substrates (Fig. 3—10a), including aliphatic and
aromatic a-amino acids, which can be labeled in 31-75% '3C-incorporation with >50%
yield ((¥)-alanine, -isoleucine, -tyrosine, -tryptophan, -methionine (3-13, 3-14, 3-17,
3-18). In most cases, products were isolated as the corresponding N-tert-
butyloxycarbonyl products for convenience. Cyclic substrates, such as (+)-proline (3-
20, 9%), were labeled to a lower extent under modified conditions. Chris showed that

(x)-serine (3-16) could be obtained, but to a lower degree (18% and 27%, respectively).
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20 mol% ArCHO catalyst
R 13C0, (~ 1 atm) R

Py

R’HN

HoN7T COH Cs,C03, DMSO, 70-90 °C 3co,H

[then Boc,0] % 13C incorp. (% yield)

a Proteinogenic Amino Acids

M HO.
Me Me e o~
BocHN” '°CO,H

BocHN” "3CO,H

3-13 53% (62%)

HN" 13CO,H

3-17 75% (65%)

BocHN” '*CO,H

3-14 23% (55%, 1:1 dr)

NHBOC

I

N 13CO,H

3-18 31% (75%)

3-15 33% (56%)

Mes/j

BocHN” 8CO,H

3-19 36% (68%)

H,N” 1*CO,H

3-16 27% (41%)

[ >‘13002H

Boc

3-20 9% (62%)

b Non-Proteinogenic Amino Acids

SN

BocHN BocHN” '3CO,H

=

BocHN” '3CO,H BCO,H BocHN” "3CO,H

3-21 50% (55%)

@1

BocHN” "3CO,H
3-25 48% (58%)

3-22 83% (60%)

(HO):B \©\/L

BocHN” 13CO,H
3-26 43% (32%)

3-23 84% (63%)

»

BocHN

3-24 56% (65%)

\\H\
BocHN

13CO,H 8cozH

3-27 42% (68%) 3-28 61% (69%)

Fig. 310 a. Expansion of aldehyde-catalyzed carboxylate exchange of proteinogenic a-amino acids with
['3C]CO,, b. Scope with non-proteinogenic o-amino acids.

It was shown that the exchange process is not impeded by various functional
groups, as seen in phenylalanine derivatives containing fluoride, bromide, and iodide
groups (3-21, 3-22, 3-23), or azide (3-24), nitro (3-25), and boronic acid groups (3-26)
(Fig. 3—-10b). Cyclopropyl (3-27) and terminal alkyne groups (3-28) smoothly undergo

isotopic labeling under the standard conditions.
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3.2.3 Carboxylate Exchange/Deracemization Strategies to Access
Isotopically-labeled Enantiomerically Pure a-Amino Acids

Racemization of the a-amino acid occurs under the standard reaction conditions, as
expected for reactions proceeding by imino carboxylate condensation intermediates. ¢’
168 Enantioenriched-labeled products (=94% ee) can be obtained readily by established
approaches. Enzymatic approach mediated kinetic resolution (KR) can be used after
labeling. The first approach we followed was by using chymotrypsin'® catalyzed ester
hydrolysis, the first step for this approach, we carried out the standard reaction
conditions on preformed imine carboxylate salt to get 82% NMR yield and 86% '*C of
the corresponding racemic labeled phenylalanine, this was followed by esterification
to get the isotopically labeled phenylalanine methyl ester in 70% NMR vyield, finally,

chymotrypsin'®

catalyzed ester hydrolysis allowed labeled L-phenylalanine to be
obtained in 99% ee (3-1a 86% '*C incorp., 26% overall yield) (Fig. 3—11a). The second
approach we followed is by using acylase'® catalyzed hydrolysis of N-acetyl leucine
was used to prepare L-leucine in >99% ee (3-3a 38% '*C incorp., 38% overall yield)

(Fig. 3-11b).
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a. Kinetic resolution by chymotrypsin

Ph

L
©/\N CO,Cs

prepared in MeOH, swap solvent

1

HN" 3CO,H

Ph

Ph

CIH.HN™ 18co,Me

b. Kinetic resolution by acylase

(e}
Me
OH
Me NH,
M 136\
© OH
Me NH,
Me 136\
OH
Me NHAc

3C0O, (~1 atm, 8.0 equiv)

DMSO [0.1 M], 90 °C, 1 h

then hydrolysis

SOCI, (1.5 equiv)

MeOH, r.t., 20 h

o—chymotrypsin (CT)

Et3N (1.0 equiv)
acetonitrile (10% H,0)
rt.,24h

standard
conditions

AC20, NaH003

H,0, 0 °C — rt

Acylase from
Aspergillus Melleus

NaOH, CoCl, 6H,0
H,0, 37 °C

Phj\
HN™ 13CO,H
82% NMR yield
86% 13C incorp.
0% ee

Ph

CIHH,N™ 3co,Me

70% NMR yield
0% ee

Ph

HoN™ 13co,H
3-1a

26% isolated yield

99% ee

86% 13C incorp.

Me 136\
OH

Me NH,
91% NMR yield

37% "3C incorp.
0% ee

Me NH,
3-2a
38% isolated yield
>99% ee
37% '3C incorp.

Fig. 3—11. Carboxylate exchange/deracemization strategy by enzymatic approach.

In cases where it is preferable to achieve >50% product yields, Ni-mediated

dynamic kinetic resolution (DKR) can be used.!”! For example, isotopically labeled L-

phenylalanine (3-1a) can be obtained in 63% *C incorp., 70% overall yield, 97% ee
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by carrying out the standard reactions conditions on L-phenylalanine followed by Ni-

mediated dynamic kinetic resolution (DKR) as shown in Fig. 3—12.

cl
20% catalyst Cl
Ph 13C0, (~1 atm) Ph . .
l 2 j\ Ni(OAc), 4H,0 (1.0 equiv.) C
N o
H,N CO,H 40% Cs,CO4 HoN™ 13CcO,H  chiral ligand (0.9 equiv.) 4 \Ni/ }sc//o
K,CO3 (5.0 equiv.) AN
catalyst 2UU3
>99% ee S oho | 0%ee MeOH (0.05 M), 8 dram, SN N\,
60°C,3h J
T c Ph
MeO : cl i
: ; Cl
; ; 84% NMR yield
! ( \N . 98.5: 1.5 dr by LCMS
i 0PNH O 5
: Ph |
o ! chiralligand |
cl
CN\ o Ph
Z N7 he© 1. MeOH, HCI (6 M), 70 °C /(
% /
Of\N \NJ',,,/© 2. Conc NH,OH HoN"13c0,H
| 3. HCI (1 M) 3-1a
Ph 65% '3C incorp.
70% isolated yield (3 steps)
Cl 97% ee

Fig. 3-12. Carboxylate exchange/deracemization strategy by Ni-mediated dynamic kinetic resolution
(DKR).

We also showed that chromatographic resolution also can be accomplished

readily from the corresponding (£)-Fmoc-Phe derivative (3-1b, 96% ee) (Fig. 3—13).
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Ph
j\ 3C0, (~1 atm, 8.0 equiv) Ph

NS
N~ ~CO,Cs j\
DMSO [0.1 M], 90 °C, 1 h HoN™ 18CO,H
then hydrolysis

87% 13C incorp.

prepared in MeOH, swap solvent 0% ee
Ph FmocCl, Na,CO43 Ph
H,N 13002H 1:1 Dioxane:H,0, 0 °C —rt FrmocHN 13002H

56% isolated yield
0% ee

Ph Chiral Resolution by Ph
preparative-HPLC

FmocHN™ 13co,H FmocHN™ 13co,H

3-1b
24% isolated yield
99% ee
87% 13C incorp.

Fig. 3-13. Carboxylate exchange/deracemization strategy by preparative-HPLC.

3.2.4 Development of Fast Exchange Conditions to Enable Direct
Radiolabeling of a-Amino Acids Using [''C]CO;

Modification of the reaction conditions enables direct radiolabeling of a-amino acids,
using ['!C]COz. To promote faster reactions, pre-formed imine carboxylates were
generated quantitatively by condensation of a-amino acids with aryl aldehydes in basic
MeOH'”? and examined as reagents for carboxylate exchange. Benzaldehyde-derived
imines outperformed 4-anisaldehyde or 4-cyanobenzaldehyde analogs to give 33% '3C
incorporation after 30 min when using 3 equivalents of ['*C]CO:z , which could be
improved to 62% incorporation at 90 °C (Fig. 3—14a). Our collaborators at Ottawa,
Maxime Munch and Braeden Mair, showed that these conditions can be modified
readily to introduce !'C-labels for applications in radiolabeling studies. Translation of
these conditions allowed for the preparation of (£))-[Ci-'!C]phenylalanine in 24%
radiochemical yield (RCY) (Fig. 3—14b).
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Ph
e
R H,N

1.0 equiv

CO,H

1.0 equiv

Ph

/@ANJ\COZCS
R

prepared in MeOH, swap solvent

Ph

@AN

prepared in MeOH, swap solvent

)N

CO,Cs

Cs,CO0O;3 (0.5 equiv)

MeOH [0.2M], 70 °C, 1 h

8C0O, (~1 atm, 2.0 equiv)

DMSO [0.1 M], 70 °C, 0.5 h
then hydrolysis

'\'\CO2

DMSO [0.1 M], 90 °C,
10 minutes
then hydrolysis

Ph

N

SN “CO,Cs
quantitative

Ph

HN™ 13COo,H

R= OMe 13% (85%)
R=H 33% (86%)
R=H at 90 °C 62% (93%)

Ph

HN" TTCO,H
[''c1-3-1a
24% RCY

25% TE, 95% RCC

CO, ty,5= 20 minutes
needed in positron emission tomography

Fig. 3-14 a. Development of fast conditions for carboxylate exchange. b. Translation of reaction to
radiolabeling with ['!C]CO,.

3.2.5 Mechanistic Studies

The mechanism for carboxylate exchange likely occurs by the carboxylation of imino-
enol or imino dienolate intermediates!”* followed by decarboxylation'’* (Fig. 3—15a, i-
1 to [Ci1-1*C]-3-1aa, rather than by trapping from an aza-allyl anion formed by an initial
decarboxylation (Fig. 3—15a, i-3).!7°

A key mechanistic observation from reactions conducted by co-workers in the
group showed that when D20 is added to a reaction conducted under otherwise standard
conditions, using ['?C]-3-1, products arising from both H/D and '2C/!3C exchange are
observed (Fig. 3-15a).!7¢ The presence of D20 slows the rate of carboxylate exchange;
however, the amount of proto- or deuterodecarboxylation product remains low (<1%).
Assuming that the exchange processes occur from a common intermediate, these results
suggest that an aza-allyl anion is not an intermediate formed during the reaction. It also
was shown that any amine generated from a-amino acid protodecarboxylation is unable

to re-enter the exchange pathway via carboxylation (Fig. 3—15b).!7>177
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8CO, (~ 8 equiv)

Ph D,0 (1.0 equiv) Phj\

HaN™ "CO2H cat. ArCHO HN" 13COoH
standard conditions

a. a-Carboxylate H/D Exchange, No Deuterodecarboxylation

Ph
Ph
ArCHO 13c0, l
A o —or HoN"T '°CO,H
Ar N7 D,0 2 CO,H
Likely OR i-2

i-1
8C0O, (~ 8 equiv)

Phj\ D,0 (1 equiv) Phj'\ Phj\
HoN i\ BCO,H

H,N™ “CO,Cs cat. ArCHO H,N D
standard conditions

[C,-'%C]-3-1aa
21% D, 40% 13C
77% yield T

<1% yield

ArCHO - - Ph
A S
-CO, Unlikely D,0
i-3

b. Imine Does Not Undergo Carboxylation

Ph Co, Ph]\
e —.
/.\,-AN standard conditions HoN
1 <1% yield
\—' /‘\fz/’\/ Ph J
base Ar N CcOo,
i-3

CO,H

Fig. 3-15. Mechanistic experiments. a. a-carboxylate H/D exchange. b. Attempt to carboxylate the
mine.

To understand the nature of intermediates better, whether it is an imino-enol,
imino dienolate intermediates, or aza-allyl anion, we looked at the reactivity of
enolizable a-amino acid versus non-enolizable non natural a-amino acid under our
carboxylate exchange conditions . We observed that acetone catalyzes the carboxylate
exchange of phenylalanine via reactive imine (i-4), leading to 14% exchange in [Ci-
13C]-3-1a. On the other hand, non-enolizable a-amino acid 2-aminoisobutyric acid (3-
29) was unreactive to carboxylate exchange, despite the ability of this substrate (3-29)

to form a benzylic stabilized aza-allyl anion by decarboxylation of imine i-5 (Fig. 3—
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16). These results suggest that an aza-allyl anion is not an intermediate formed during

the reaction.

Ph 3CO, (~ 8 equiv) Ph

H,N” ~CO,H cat. ArCHO H,N”T 18CO,H
standard conditions

Phj\ 3C0O, 20 mol% acetone Phl

H,N~ ~CO,H 12% 13C incorp. H,N” 18COLH
[C,-13C]-3-1a

Ph
Me
XL
Me N CO,Cs
i-4
reactive

Me Me 3C0O, 20 mol% ArCHO Me Me
13,
H,N” ~CO,H <2% 13C incorp. H,N CO,H
3-29
Me  Me
A N7 CO,Cs

i-5
not reactive

Fig. 3—-16. Mechanistic experiments, the reactivity of enolizable a-amino acid versus non-enolizable a-
amino acid under standard reaction conditions.

The positional selectivity of carboxylation from pseudo-symmetrical
intermediates generated by condensation between 4-bromophenylalanine and
phenylacetaldehyde also supports the formation of a malonate intermediate i-6, rather
than an aza-allyl intermediate i-7 that would generate some amount of phenylalanine
(Fig. 3—17). In this experiment we did not detect any amount of phenylalanine by LC-
MS or NMR which suggests that an aza-allyl intermediate is not form during the cycle.
In addition to that, when conducting carboxylate exchange reactions, the corresponding
arylglycine regioisomers were not observed at various aldehyde loadings, further

suggesting that an aza-allyl nucleophile like i-3 is not generated.
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HoN CO,H cat. ArCHO H,N” 13CO,H
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CO,H

Né\/ Ph
13002— - COz
13002 i-6
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10% 3¢
BI’\@]\ Ph \/§O

HNT 1°CO, H
13
CO, Ph
H,N CO,H standard I
conditions H,N 13C02 H
<1% yield

-CO,

L BI’\@\/\ J 13002
AP
i-7

Fig. 3—17. Mechanistic experiments, positional selectivity of carboxylation.

A potential mechanism for the aryl aldehyde catalyzed carboxylate exchange is
provided in (Fig. 3—18). Condensations of aryl aldehyde (3-A) and a-amino acid (3-B)
gives an imine intermediate (3-C). This imine intermediate can undergo
decarboxylation to give aza-allyl intermediate (3-D), which is unlikely as we showed
in the previous mechanistic probes. The most plausible pathway for the mechanism is
that a reactive imine carboxylate nucleophile (3-E) can be generated by either
deprotonation or enol formation. This species can undergo reversible carboxylation
with dissolved COz to form an iminomalonate intermediate (3-F). Amino malonate (3-
F) undergoes decarboxylation to give the isotopically labeled enolate imine
intermediate (3-G), which upon protonation gives the isotopically labeled imine (3-H),
then hydrolysis to give the isotopically labeled a-amino acid (3-I). It is likely that all
steps in the cycle are reversible, thus, the maximum amount of *CO2 incorporated is

under thermodynamic control.
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Fig. 3-18. Potential mechanism of the aldehyde-catalyzed isotopic carboxylate exchange of a-amino
acids, proton transfer steps omitted for clarity.

3.3 Summary and Conclusions
In summary, we have reported a new strategy for the isotopic labeling of a-amino acids
catalyzed by aryl aldehydes with conjunction of [3C]JCO: via a reversible
decarboxylation/carboxylation event of imine carboxylate intermediate. Productive
catalysts must have balanced electrophilicity to enable carboxylate exchange without
being consumed irreversibly in the process. 4-Anisaldehyde was the best catalyst in
terms of the amount of incorporation and yield of the product we obtained. The more
electrophilic catalysts 4-CF3- or 4-CN-benzaldehyde gave fast initial rates of
carboxylate exchange but are consumed quickly in the process due to irreversible
formation of the trapped aldehyde product which consume these electrophilic catalysts
quickly. Mechanistic studies indicate that the reaction likely proceeds via the trapping
of *COz2 by imine-carboxylate intermediates to generate aminomalonates that are prone
to monodecarboxylation. The identification of the intermediate has allowed for the
rapid and late-stage ''C-radiolabeling of a-amino acids in the presence of ['!C]CO2
through the pre-generation of the imine carboxylate intermediate.

Our developed method granted access to Cl-labeled products in a direct and

operationally trivial manner. Given the widespread use of labeled a-amino acids in
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discovery science, drug development, and medical imaging, we expect this finding to
have immediate application.

One of the shortcomings of the process include the racemization of enantiopure
a-amino acids during labeling. This drawback motivated us to develop a new method
for the synthesis of enantioriched isotopically labeled a-amino acids, as will be

discussed in Chapter 4.

3.4 Procedures and Characterization

General Considerations:

Unless noted, all reactions were conducted under an inert atmosphere employing
standard Schlenk techniques or by the use of an Na-filled glovebox. All glassware was
oven-dried prior to use. Flash chromatography was performed, as described by Still
and co-workers'?® (SiliaFlash P60, 40-63um, 60A silica gel, Silicycle) or by automated
flash chromatography (Silicycle SiliaSep premium 12g). Analytical thin-layer
chromatography was performed, using glass plates pre-coated with silica (SiliaPlate G
TLC - Glass-Backed, 250um, Silicycle). TLC plates were visualized by staining with
aqueous acidic ninhydrin and/or by UV light. NMR spectra (‘H, '*C, '°F, "’Se) were
obtained on an Agilent VNMRS 700 MHz, Varian VNMRS 600 MHz, Varian VNMRS
500 MHz, or Varian VNMRS 400 MHz spectrometer. The chemical shifts are given as
parts per million (ppm) and were referenced to the residual solvent signal (CDCl3: 6H
=17.26 ppm, 6C = 77.06 ppm) (DMSO-ds: dH = 2.49 ppm, dC = 39.50 ppm) (Acetone-
deé: OH = 2.04 ppm, 6C = 29.80 ppm) (MeOH-d4: 6H = 3.30 ppm, 6C = 49.00 ppm).
HRMS analyses of '*C labelled compounds were performed on an Agilent
Technologies 6220 0aTOF instrument (ESI, APPI, APCI) in positive or negative
ionization mode. Crude LC-MS analyses of '*C labelled compounds were performed
on an Agilent Technologies 1260 system with G6130B MSD single quadrupole MS
(ESI) in positive or negative ionization mode, using a Phenomenex Kinetex C8 column
(2.1 x 50 mm, 1.7 um particle size) or a Phenomenex Luna Omega C18 Polar column
(2.1 x 50 mm, 1.6 pm particle size) in reverse-phase. Chiral HPLC analysis was
accomplished on an Agilent Technologies 1260 system with Daicel ChiralPak 1A, IC,

or IG columns (4.6 x 150 mm, 5 um particle size) under normal-phase conditions or an
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Agilent Technologies 1100 system with an Astec Chirobiotic-T column (4.6 x 100 mm,
5 uwm particle size) under reverse-phase conditions. Preparative HPLC was
accomplished, using an Agilent 1260 Infinity system under normal-phase
(Phenomenex Lux i-Amylose-3 column, 10 x 250 mm, 5 pum particle size) and reverse-
phase conditions (Agilent Prep-C18 column, 21.2 x 150 mm, 10 um particle size).
Unless otherwise noted, quantitative '"H NMR yields were determined from crude
reaction mixtures, using 3-(trimethylsilyl)-1-propanesulfonic acid (DSS) as an internal
standard. DSS was found to be stable under the reaction conditions by determining its
concentration by the addition of a second internal standard (trimethoxybenzene) that
was added after the reaction was quenched. Unless otherwise noted, all reagents were
obtained from commercial vendors (Sigma-Aldrich, Combi-Blocks, Alfa Aesar, Acros,
and TCI) and used as supplied. ['*C]CO2 (99.0 atom % '*C) and anhydrous DMSO
were purchased from Sigma-Aldrich. Chiral ligand for the preparation of 3-1a was
synthesized according to the literature procedure.!”! The preparation of the pre-formed
imines from the corresponding amino acids and aldehydes (General Procedure E) was

adapted from a literature procedure.'”?

General Procedures and Characterization for Section 3.2

General Procedure A (amino acids with hydrophobic groups): In an atmosphere-
controlled glovebox (not required, see below), amino acid (0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), Cs2CO3(26.1 mg, 0.08 mmol,
0.40 equiv.), and sodium trimethylsilylpropanesulfonate internal standard (DSS) were
added sequentially to an 8-dram vial charged with a stir bar, followed by the addition
of anhydrous DMSO (2.0 mL). The vial was sealed with a PTFE-lined cap and removed
from the glovebox. The reaction headspace was evacuated on a Schlenk line (~300
mtorr), using a 25-gauge needle. The vial headspace was refilled carefully with 15 psi
['*C]CO2 through the PTFE-lined cap with a 25-gauge needle until the internal pressure
reached ~1 atm (requires 20—60 sec, depending on the pressure of the ['*C]CO: tank).
This provides ~8 equivalents (~1.6 mmol) of ['*C]CO2, which would result in an
equilibrium exchange incorporation of ~85%. Next, the vial cap was sealed with

parafilm and electrical tape, and the reaction was stirred at 70 °C in an aluminum block.
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Upon completion of the reaction (25—48 h), the vial was cooled to room temperature.
To determine the percent recovery of the amino acid, a small aliquot (~5 pL) of the
reaction was placed in 0.70 mL D20 for calibrated '"H NMR analysis, using DSS as the
reference signal. After sampling, the reaction headspace was evacuated and refilled
with N2. This cycle was repeated three times. Then, Boc2O (91.9 pL, 0.40 mmol,
2.0 equiv.) was added via syringe, and the reaction was stirred overnight at room
temperature. After overnight stirring, a small aliquot of the reaction (~5 pL) was placed
in 1.0 mL of 1:1 MeOH:H20/0.1% HCO2H for LC-MS analysis to determine the crude
13C% incorporation of the amino acid. The reaction mixture was diluted with H20 (10
mL) and acidified to pH 1-2, using 1M HCI (2-3 mL) and the aqueous layer was
extracted with EtOAc (5 x 10 mL). Next, the combined organics were washed with
H20 (1 x 10 mL) and brine (1 x 10 mL). The organic layer was dried over anhydrous
NazSO0u4, filtered, concentrated in vacuo, and purified by silica gel chromatography. The
13C% incorporation was obtained through high resolution mass spectrometry (HRMS)
analysis of the products. Note: Boc protection of the products was done for convenience
of isolation; this is not an essential step for carboxylate exchange. Note: for a 0.05
mmol scale reactions, use a 2-dram vial, and for a 0.10 mmol scale reactions, use a 4-
dram vial. A similar equilibrium incorporation (~85%) would be obtained under these

conditions.

General Procedure B (amino acids with polar charged groups, polar uncharged
groups, and special cases): In an atmosphere-controlled glovebox, amino acid (0.10
mmol, 1.0 equiv.), 4-methoxybenzaldehyde (10.2 mg, 0.075 mmol, 0.75 equiv.),
Cs2C03(32.5 mg, 0.10 mmol, 1.0 equiv.), and sodium trimethylsilylpropanesulfonate
internal standard (DSS) were added sequentially to an 8-dram vial charged with a stir
bar, followed by the addition of anhydrous DMSO (6.0 mL). The vial was sealed with
a PTFE-lined cap and removed from the glovebox. The reaction headspace was
evacuated on a Schlenk line (~300 mtorr), using a 25-gauge needle. The vial headspace
was carefully refilled with 15 psi ['*C]CO: through the PTFE-lined cap with a 25 gauge
needle until the internal pressure reached ~1 atm (requires 20—60 sec, depending on the

pressure of the [*C]CO: tank). This provides ~10 equivalents (~1.0 mmol) of
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[1*C]CO2, which would result in an equilibrium exchange incorporation of ~90%. The
vial cap was sealed with parafilm and electrical tape, and the reactions were stirred at
70 °C in an aluminum block. Upon completion of the reaction (48 h), the vial was
cooled to room temperature. To determine the percent recovery of the amino acid, a
small aliquot (~25 pL) of the reaction was placed in 0.70 mL D20 for calibrated 'H
NMR analysis, using DSS as the reference signal. After sampling, the reaction
headspace was evacuated and refilled with N2. This cycle was repeated three times.
Then, Boc20 (45.9 uL, 0.20 mmol, 2.0 equiv.) was added via syringe, and the reaction
was stirred overnight at room temperature. After overnight stirring, a small aliquot of
the reaction (~25 pL) was placed in 1.0 mL of 1:1 MeOH:H20/0.1% HCO:H for LC-

MS analysis to determine the crude *C% incorporation of the amino acid.

General Procedure C (no glovebox, amino acids with hydrophobic groups): Amino
acid (0.20 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20
equiv.), Cs2C03 (26.1mg, 0.08 mmol, 040 equiv.), and sodium
trimethylsilylpropanesulfonate internal standard (DSS) were added sequentially to an
8-dram vial charged with a stir bar, followed by the addition of anhydrous DMSO (2.0
mL), and the vial was sealed with a PTFE-lined cap. The reaction headspace was
evacuated on a Schlenk line (~300 mtorr), using a 25-gauge needle and subsequently
backfilled with N2. This cycle was repeated three times. The reaction headspace was
evacuated again (~300 mtorr) and then refilled carefully with 15 psi ['*C]CO: through
the PTFE-lined cap, using a 25-gauge needle until the internal pressure reached ~1 atm
(requires 20-60 sec, depending on the pressure of the ['*C]COz tank). This provides ~8
equivalents (~1.6 mmol) of ['*C]CO2, which would result in an equilibrium exchange
incorporation of ~85%. Then, the vial cap was sealed with parafilm and electrical tape,
and the reaction was stirred at 70 °C in an aluminum block. Upon completion of the
reaction (25-48 h), the vial was allowed to cool to room temperature. The remainder
of the procedure is identical to the general procedure A.

General Procedure D (no glovebox, amino acids with polar charged groups, polar
uncharged groups, and special cases): Amino acid (0.10 mmol, 1.0 equiv.), 4-

methoxybenzaldehyde (10.2 mg, 0.075 mmol, 0.75 equiv.), Cs2CO3 (32.5 mg, 0.10
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mmol, 1.0 equiv.), and sodium trimethylsilylpropanesulfonate internal standard (DSS)
were added sequentiallyt to an 8-dram vial charged with a stir bar, followed by the
addition of anhydrous DMSO (6.0 mL), and the vial was sealed with a PTFE-lined cap.
The reaction headspace was evacuated on a Schlenk line (~300 mtorr), using a 25-
gauge needle and subsequently backfilled with Na. This cycle was repeated three times.
The reaction headspace was evacuated again (~300 mtorr) and then refilled carefully
with 15 psi ['*C]CO: through the PTFE-lined cap, using a 25-gauge needle until the
internal pressure reached ~1 atm (requires 20—60 sec, depending on the pressure of the
['*C]CO:2 tank). This provides ~10 equivalents of (~1.0 mmol) ['*C]COz, which would
result in an equilibrium exchange incorporation of ~90%. Then, the vial cap was sealed
with parafilm and electrical tape, and the reaction was stirred at 70 °C in an aluminum
block. Upon completion of the reaction (48 h), the vial was allowed to cool to room

temperature. The remainder of the procedure is identical to the general procedure B.

General Procedure E (standard reaction, using the pre-formed imine from the
corresponding amino acid and aldehyde): In an atmosphere-controlled glovebox,
amino acid (0.10 mmol, 1.0 equiv.), benzaldehyde (10.6 mg, 0.10 mmol, 1.0 equiv.),
Cs2C03(16.3 mg, 0.05 mmol, 0.50 equiv.), 1,3,5-trimethoxybenzene internal standard
(TMB), and anhydrous MeOH (0.5 mL) were added sequentially to a dried 1-dram vial
charged with a stir bar. The vial was sealed with a PTFE-lined cap and removed from
the glovebox. The reaction was stirred at 70 °C for 1 h in an aluminum block, and then
the reaction was cooled to room temperature. The solvent was evaporated in vacuo to
isolate the imine salt (mixed with TMB). Then, the vial was evacuated and refilled with
Nz on a Schlenk line. This cycle was repeated three times. After the purging cycle, the
vial was taken back into the glovebox, and sodium trimethylsilylpropanesulfonate
internal standard (DSS) was added, followed by the addition of anhydrous DMSO (1.0
mL). The vial was sealed with a PTFE-lined cap and removed from the glovebox. The
reaction headspace was evacuated (~300 mtorr), using a 25-gauge needle. Then, the
vial headspace was refilled carefully with 15 psi ['*C]CO: through the PTFE-lined cap,
using a 25-gauge needle until the internal pressure reached ~1 atm (requires 20—60 sec,

depending on the pressure of the [1*C]COz tank). This provides ~8 equivalents of (~0.8
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mmol) ['*C]CO2, which would result in an equilibrium exchange incorporation of
~85%. Then, the vial cap was sealed with parafilm and electrical tape, and the reaction
was stirred at 90 °C in an aluminum block. Upon completion of the reaction (1 h), the
vial was cooled to room temperature. The remainder of the procedure is identical to the

general procedure A.

Specific Experimental Details and Product Characterization Data

o
13(I:I\OH
[ j NHBoc

3-1 Prepared according to the general procedure A from 'C-phenylalanine
(33.0 mg, 0.20 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20
equiv.), and Cs2COs3 (26.1 mg, 0.08 mmol, 0.40 equiv.) in DMSO (2.0 mL). The
reaction mixture was allowed to stir for 28 h. 'H NMR yield: 84%. Isolated in 71%
yield, 75% C incorporation (HRMS) as an off-white solid after purification by silica
gel chromatography (1% to 3% MeOH in DCM with 0.1% AcOH). The AcOH was
removed by chasing the product with toluene three times on a rotovap. Through 17
independent experiments conducted over the course of the project, the average crude
"H NMR yield and % '*C incorporation was 84% and 71%, respectively.

3-1 also can be labeled with >95% '3C incorporation by performing a recycling
experiment, in which the substrate is subjected to the reaction conditions twice.
Prepared according to the General Procedure A from '2C-phenylalanine (16.5 mg, 0.10
mmol, 1.0 equiv.), 4-methoxybenzaldehyde (2.7 mg, 0.02 mmol, 0.20 equiv.), and
Cs2C0s3 (13.0 mg, 0.04 mmol, 0.40 equiv.) in DMSO (1.0 mL). The reaction mixture
was allowed to stir for 28 h. Then, the crude reaction mixture was lyophilized to remove
the DMSO, and the vial was evacuated and refilled with N2; this cycle was repeated
thee times. After the purging cycle, the vial was taken back into the glovebox, and the
product was prepared according to the general procedure A, using
4-methoxybenzaldehyde (2.7 mg, 0.02 mmol, 0.20 equiv.), Cs2CO3 (13.0 mg, 0.04
mmol, 0.40 equiv.), and DMSO (1.0 mL). The reaction was allowed to stir for 28 h.
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The reaction was not subjected to Boc protection and was analyzed directly by HRMS.
'H NMR yield: 54%, 96% '3C incorporation (HRMS).

'"H NMR (CDCls, 500 MHz) (~3:1 mixture of rotamers) § 7.36-7.18 (m, 5H), 6.07 (br
s, 0.3H), 4.98 (br s, 0.7H), 4.64 (br s, 0.7H), 4.43 (br s, 0.3H), 3.23 (dd, /= 13.8, 5.4
Hz, 1H), 3.11 (dd, J=13.8, 8.8 Hz, 0.7H), 2.95 (br s, 0.3 H), 1.45 (s, 6.7H), 1.36 (s,
2.3H);

I3C NMR (CDCl3, 125 MHz) (rotamers) 8 176.5 (176.4), 155.4 (156.1), 135.9 (136.2),
129.4, 128.6, 127.1, 80.3 (81.5), 54.3 (d, /= 60.6 Hz) (56.0), 37.8 (39.0), 28.3 (29.7);
HRMS (ESD): calcd. for Ci3['*C]H1sNO4 [M-H]: 265.1275. Found 265.1277.

]

M 13"\
© C o

Me NHBoc

3-2 Prepared according to the general procedure A from '2C-leucine (26.2 mg,
0.20 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and
Cs2C03 (26.1 mg, 0.08 mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture
was allowed to stir for 28 h. 'H NMR vyield: 82%. Then, the reaction mixture was
diluted with H20 (10 mL) and acidified to pH 1-2, using IM HCI (2-3 mL). The
aqueous layer was extracted with EtOAc (5 x 10 mL), and the combined organics were
washed with H20 (1 x 10 mL) and brine (1 x 10 mL). The organic layer was dried over
anhydrous Na2SOs, filtered and concentrated in vacuo. Isolated in 69% yield, 51% '3C
incorporation (HRMS) as a white solid after the workup step. No silica gel
chromatography was necessary for purification.
TH NMR (CDCIl3, 500 MHz) (~3:1 mixture of rotamers) § 5.51 (br s, 0.2H), 4.88
(brd,J=28.2 Hz, 0.8H), 4.34 (br s, 0.8H), 4.18 (br s, 0.2H), 1.83-1.62 (m, 2H), 1.62—
1.52 (m, 1H), 1.47 (s, 8.5H), 1.28 (s, 0.5H), 0.99 (d, J = 6.5 Hz, 6H);
13C NMR (CDCls, 125 MHz) 8 177.8, 155.7, 80.3, 52.0 (d, J = 57.7 Hz), 28.3, 24.8,
22.9,21.8;
HRMS (ESI): calcd. for Cio['*C]JH20NO4 [M-H]: 231.1431. Found 231.1431.
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3-3 The experiment followed the general procedure A from '“C-valine (23.4
mg, 0.20 mmol, 1.0 equiv.), benzaldehyde (15.9 mg, 0.15 mmol, 0.75 equiv.), and
Cs2CO03 (65.2 mg, 0.20 mmol, 1.0 equiv.) in DMSO (2.0 mL). The reaction mixture
was allowed to stir for 48 h at 80 °C. 'H NMR yield: 50%. '3C incorporation (LCMS):
18%.

LRMS (ESI): calcd. for Co['*C]H1sNO4 [M-H]: 217.13. Found 217.09.

(]

HoN 135\
2 OH

(0] NHBoc

3-4 The experiment followed the general procedure B from '*C-asparagine
(13.2 mg, 0.10 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (10.2 mg, 0.075 mmol, 0.75
equiv.), and Cs2CO3(32.5 mg, 0.10 mmol, 1.0 equiv.) in DMSO (6.0 mL). The reaction
mixture was allowed to stir for 48 h. 'TH NMR yield: 90%. '*C incorporation (LCMS):
68%.
LRMS (ESI): caled. for Cs['*C]H1sN20s [M-H]: 232.10. Found 232.07.

O O

n
C<
H,N OH

NHBoc

3-5 The experiment followed the general procedure B from '>C-glutamine (14.6
mg, 0.10 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (10.2 mg, 0.075 mmol, 0.75
equiv.), and Cs2CO3(32.5 mg, 0.10 mmol, 1.0 equiv.) in DMSO (1.0 mL). The reaction
mixture was allowed to stir for 48 h. '"H NMR vyield: 85%. '*C incorporation (LCMS):
28%.
LRMS (ESI): calcd. for Co['*C]H17N205 [M-H]": 246.12. Found 246.10.

*HCI 0
H,oN 8Co
NH2 bl

3-6 (¥)-['*C]-lysine dihydrochloride prepared according to the general
procedure B from L-lysine (14.6 mg, 0.10 mmol, 1.0 equiv.), 4-methoxybenzaldehyde
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(10.2 mg, 0.075 mmol, 0.75 equiv.), and Cs2CO3 (32.5 mg, 0.10 mmol, 1.0 equiv.) in
DMSO (6.0 mL). The reaction mixture was allowed to stir for 48 h. 'H NMR yield:
>95%. The crude reaction mixture was not subjected to Boc2O protection. The crude
mixture was lyophilized to get rid of the DMSO. This was followed by dissolving the
crude powder in H20 (10 mL), then acidifying to pH 1-2 ,using 1M HCI (2-3 mL).
The aqueous solution was washed with EtOAc (3 x 10 mL) to remove the aldehyde,
and the aqueous layer was lyophilized again to afford a yellow solid. Isolated in 89%
yield (19.6 mg), 38% '3C incorporation (HRMS) as a white solid after purification by
preparative-HPLC (Phenomenex Synergi 5u Hydro-RP 80A 150 mm x 10 mm, 4mm,
0% MeCN in H20 to 5% MeCN in H20).

'"H NMR (D20, 500 MHz) & 4.08-4.03 (m, 1H), 3.02 (t, J = 7.8 Hz, 2H), 2.06-1.90
(m, 2H), 1.77-1.68 (m, 2H), 1.61-1.42 (m, 2H);

I3C NMR (D20, 125 MHz) § 172.3, 52.9 (d, J = 58.9 Hz), 38.8, 29.4, 26.3, 21.5;
HRMS (ESI): calcd. for Cs['*C]H1sN202 [M+H]": 148.1162. Found 148.1159.

O

HO 135\
OH

O NHBoc

3-7 The experiment followed the general procedure B from '2C-aspartic acid
(13.3 mg, 0.10 mmol, 1.0 equiv.), benzaldehyde (8.0 mg, 0.075 mmol, 0.75 equiv.),
and Cs2C03(32.5 mg, 0.10 mmol, 1.0 equiv.) in DMSO (1.0 mL). The reaction mixture
was allowed to stir for 48 h. "TH NMR yield: 47%. '*C incorporation (LCMS): 18%.
LRMS (ESI): calcd. for Cs['*C]H14NOs [M-H]": 233.09. Found 233.00.

0] O

130
HO C\OH

NHBoc

3-8 The experiment followed the general procedure B from 2C-glutamic acid
(14.7 mg, 0.10 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (10.2 mg, 0.075 mmol, 0.75
equiv.), and Cs2CO3(32.5 mg, 0.10 mmol, 1.0 equiv.) in DMSO (6.0 mL). The reaction
mixture was allowed to stir for 48 hs. "TH NMR yield: 73%. '*C incorporation (LCMS):
55%.
LRMS (ESI): calcd. for Co['*C]H1sNO4S [M-H]: 247.10. Found 247.00.
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3-9 (+)-["*CJ-arginine hydrochloride prepared according to the general
procedure B from L-arginine (17.4 mg, 0.10 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (10.2 mg, 0.075 mmol, 0.75 equiv.), and Cs2CO3(32.5 mg, 0.10
mmol, 1.0 equiv.) in DMSO (6.0 mL). The reaction mixture was allowed to stir for 48
h. 'H NMR yield: 85%. The crude reaction mixture was not subjected to Boc20
protection. The crude mixture was lyophilized to get rid of the DMSO, and this was
followed by dissolving the crude powder in H20 (10 mL), then acidifying to pH 1-2,
using 1M HCI (2-3 mL). The aqueous solution was washed with EtOAc (3 x 10 mL)
to remove the aldehyde, and the aqueous layer was lyophilized again to afford a yellow
solid. Isolated in 84% yield (17.8 mg), 23% '*C incorporation (HRMS) as a white solid
after purification by preparative-HPLC (Phenomenex Synergi 5u Hydro-RP 80A 150
mm x 10 mm, 4mm, 0% MeCN in H20 to 5% MeCN in H20).

'"H NMR (D20, 500 MHz) 4.10 (app t, J = 6.5 Hz, 1H), 3.24 (t, J = 6.5 Hz, 2H), 2.0—
1.91 (m, 2H), 1.82—1.63 (m, 2H);

3C NMR (D20, 125 MHz) § 172.0, 156.8, 52.7, 40.4, 27.0, 23.8;

HRMS (ESI): calcd. for Cs['*C]H15N4O2 [M+H]": 176.1223. Found 176.1221.

O

M 13'6\
© OH

NHBoc

3-13 Prepared according to the general procedure A from '2C-alanine (17.8 mg,
0.20 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and
Cs2C03(26.1 mg, 0.08 mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture
was allowed to stir for 28 h. 'H NMR yield: 72%. Isolated in 62% yield, 53% *C
incorporation (HRMS) as an off-white solid after purification by silica gel
chromatography (1% to 3% MeOH in DCM with 0.1% AcOH). The AcOH was
removed by chasing the product with toluene three times on a rotovap.
TH NMR (CDCls, 500 MHz) (~5:2 mixture of rotamers) 8 6.55 (br s, 0.3H), 5.07 (br s,
0.7H), 4.37 (br s, 0.7H), 4.20 (br s, 0.3H), 1.50—1.44 (m, 12H);
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13C NMR (CDCls, 125 MHZ) (rotamers) 8 177.9 (177.5), 155.5 (156.5), 80.3 (81.5),
49.1 (d, 7 = 58.2 Hz) (49.4), 28.3, 18.3;
HRMS (ESI): caled. for C7['*C]H14NO4 [M-H]: 189.0962. Found 189.0963.

Me O

M 136\
© OH

NHBoc

3-14 Prepared according to the general procedure A from '?C-isoleucine (26.2
mg, 0.20 mmol, 1.0 equiv.), benzaldehyde (15.9 mg, 0.15 mmol, 0.75 equiv.), and
Cs2CO03 (65.2 mg, 0.20 mmol, 1.0 equiv.) in DMSO (2.0 mL). The reaction mixture
was allowed to stir for 48 h at 80 °C. 'H NMR yield: 73%. Isolated in 55% yield, 23%
BC incorporation (HRMS), 50:50 dr as an off-white solid after purification by silica
gel chromatography (1% to 3% MeOH in DCM with 0.1% AcOH). The AcOH was
removed by chasing the product with toluene three times on a rotovap.

'H NMR (CDCls, 500 MHz) (~1:1 mixture of diastereomers, ~2.5:1 mixture of
rotamers) & 5.69 (br s, 0.2H), 5.39 (m, 0.2H), 5.13-4.97 (m, 0.8H), 4.47-4.24 (m,
0.8H), 2.06—1.90 (m, 1H), 1.48 (s, 8H), 1.40—1.20 (m, 3H), 1.03-0.86 (m, 6H);

13C NMR (CDCl3, 125 MHz) (diastereomer) § 177.5 (177.0), 155.9 (155.7), 80.9, 57.8
(56.6),37.7(37.4), 28.3,26.3 (24.9), 15.6 (14.4), 11.7 (11.6);

HRMS (ESD): calcd. for Cio['*C]H20NO4 [M-H]: 231.1431. Found 231.1430.

o]

130
ON
OH

NHBoc

3-15 Prepared according to the general procedure A from '>C-glycine (15.0 mg,
0.20 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (20.4 mg, 0.15 mmol, 0.75 equiv.),
and Cs2C03(65.2 mg, 0.20 mmol, 1.0 equiv.) in DMSO (2.0 mL). The reaction mixture
was allowed to stir for 48 h. 'H NMR yield: 84%. Isolated in 56% yield, 33% '3C
incorporation (HRMS) as an off-white oil after purification by silica gel
chromatography (3% to 7% MeOH in DCM with 0.1% AcOH). The AcOH was
removed by chasing the product with toluene three times on a rotovap.
'TH NMR (CDCl3, 500 MHz) (~2.5:1 mixture of rotamers) & 6.46 (br s, 0.3H), 5.06 (br
s, 0.7H), 4.00 (br s, 1.4H), 3.93 (br s, 0.6H), 1.49 (s, 9H);
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13C NMR (CDCls, 125 MHz) (rotamers) & 174.6 (173.9), 156.0, 80.4,42.2 (d, J= 63.3
Hz), 28.3 (29.7);
HRMS (ESI): calcd. for C¢['*C]H12NO4 [M-H]: 175.0805. Found 175.0803.

3-16 The preformed imine carboxylate salt was prepared according to the
general procedure E from '?C-serine (10.5 mg, 0.10 mmol, 1.0 equiv.), benzaldehyde
(10.6 mg, 0.10 mmol, 1.0 equiv.), and Cs2COs3 (16.3 mg, 0.50 mmol, 0.50 equiv.) in
MeOH (0.5 mL). The reaction mixture was allowed to stir at 70 °C for 1 h. After the
solvent swap, the carboxylate imine salt was subjected to the exchange conditions
(General Procedure E) in DMSO (1.0 mL) to prepare the labeled amino acid. The
reaction mixture was allowed to stir at 90 °C for 1 h. '"H NMR yield: 50%. The crude
reaction mixture was not subjected to Boc2O protection, it was cooled to room
temperature, diluted with H2O (10 mL), and acidified to pH 1-2, using 1M HCI (2-3
mL). Then, the crude mixture was concentrated in vacuo and subsequently lyophilized
to get rid of the DMSO. Isolated in 41% yield, 27% '*C incorporation (HRMS) as a
white solid after purification by preparative-HPLC (Agilent Prep-C18 column, 1%
MeOH in H20, 30 mL/min). Note: The product contains trace amounts of DSS internal
standard.

'"H NMR (D20, 500 MHz) 6 4.19 (t, J = 3.9 Hz, 1H), 4.08 (dd, J = 12.7, 4.3 Hz, 1H),
3.99 (dd, J=12.7,4.3 Hz, 1H);

I3C NMR (D20, 125 MHz) 6 171.2, 60.3, 55.8;

HRMS (ESI): calced. for C2['*C]HsNO3 [M-H]": 105.0387. Found 105.0389.
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3-17 Prepared according to the general procedure A from '*C-tyrosine (36.2
mg, 0.20 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.),
and Cs2COs3 (26.1 mg, 0.08 mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction
mixture was allowed to stir for 48 h. 'TH NMR yield: 78%. The crude reaction mixture
was not subjected to Boc20 protection, it was cooled to room temperature, diluted with
H20 (10 mL), and acidified to pH 1-2, using 1 M HCI (2-3 mL). Then, the crude
mixture was concentrated in vacuo and subsequently lyophilized to get rid of the
DMSO. Isolated in 65% yield, 75% '*C incorporation (HRMS) as a white solid after
purification by preparative-HPLC (Agilent Prep-C18 column, 1% MeOH in H20, 8.0
mL/min).

THNMR (D20, 500 MHz) § 7.29-7.24 (m, 2H), 6.99-6.94 (m, 2H), 4.36-4.31 (m, 1H),
3.37-3.31 (m, 1H), 3.25-3.19 (m, 1H);

3C NMR (D20, 125 MHz) § 172.7, 156.1, 131.8, 126.7, 116.9, 55.4 (d, J = 59.3 Hz),
35.8;

HRMS (ESI): calcd. for Cs['*C]H10NO3 [M-H]: 181.0700. Found 181.0697.

Q
13
QWC\OH
NHBoc

NH

3-18 Prepared according to the general procedure A from >C-tryptophan (20.4
mg, 0.10 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (2.7 mg, 0.02 mmol, 0.20 equiv.),
and Cs2COs3 (13.0 mg, 0.04 mmol, 0.40 equiv.) in DMSO (1.0 mL). The reaction
mixture was allowed to stir for 28 h. "H NMR yield: 93%. Then, the reaction mixture
was diluted with H20 (10 mL) and acidified to pH 1-2, using IM HCI (2-3 mL). Then,
the aqueous layer was extracted with EtOAc (5 x 10 mL). Next, the combined organics
were washed with H20 (1 x 10 mL) and brine (1 x 10 mL). The organic layer was dried
over anhydrous Na>SOs, filtered, and concentrated in vacuo. Isolated in 75% yield,
31% 3C incorporation (HRMS) as a white solid after the workup step. No silica gel

chromatography was necessary for purification.
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TH NMR (ds-DMSO, 500 MHz) (~6:1 mixture of rotamers) & 7.51 (d, J = 8.0 Hz, 1H),
7.32 (d,J=8.0 Hz, 1H), 7.16 (br s, 0.2H), 7.15-7.11 (m, 0.8H), 7.08-7.03 (m, 1H),
7.00-6.90 (m, 1.8H), 6.54 (br d, J=8.9 Hz, 0.2H), 4.17-4.10 (m, 0.8H), 4.09-4.04 (br
s, 0.2H), 3.12 (dd, J=15.1, 4.9 Hz, 1H), 2.96 (dd, J = 15.1, 9.0 Hz, 0.9H), 2.91-2.86
(m, 0.1H), 1.32 (s, 7.5H), 1.20 (s, 1.5H);

13C NMR (ds-DMSO, 125 MHz) (rotamers) & 173.9 (174.1), 155.3 (154.5), 136.0,
127.1, 123.6 (123.9), 120.8, 118.3, 118.1, 111.3, 110.1, 78.0 (78.2), 54.5 (d, J=61.7
Hz), 28.1 (27.7), 26.8,;

HRMS (ESI): calcd. for Cis['*C]H19N204 [M-H]": 304.1384. Found 304.1382.

o]

MeS 135\
OH

NHBoc

3-19 Prepared according to the general procedure A from '?C-methionine (14.9
mg, 0.10 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (2.7 mg, 0.02 mmol, 0.20 equiv.),
and Cs2COs3 (13.0 mg, 0.04 mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction
mixture was allowed to stir for 28 h. 'H NMR yield: 80%. Isolated in 68% yield, 36%
BC incorporation (HRMS) as a white solid after purification by silica gel
chromatography (1% to 3% MeOH in DCM with 0.1% AcOH). The AcOH was
removed by chasing the product with toluene three times on a rotovap.

'H NMR (CDCIl3, 500 MHz) (~3:1 mixture of rotamers) 8 6.20 (br s, 0.2H), 5.18
(brd,J=8.2 Hz, 0.8H), 4.50-4.41 (br s, 0.8H), 4.36 (br s, 0.2H), 2.61 (t, J = 7.0 Hz,
2H), 2.2-2.16 (m, 1H), 2.13 (s, 3H), 2.05-1.95 (m, 1H), 1.48 (s, 9H);
13C NMR (CDCls, 125 MHz) (rotamers) § 176.4 (176.2), 155.7, 80.5, 52.7, (d, J=61.3
Hz), 31.7, 30.0, 28.3, 15.4;
HRMS (ESI): calcd. for Co[*CIH1sNO4S [M-H]": 249.0996. Found 249.0996.

0
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3-20 Prepared according to the general procedure A from '>C-proline (23.0 mg,
0.20 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (20.4 mg, 0.15 mmol, 0.75 equiv.),
and Cs2C03 (65.2 mg, 0.20 mmol, 1.0 equiv.) in DMSO (2.0 mL). The reaction mixture
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was allowed to stir for 48 h. 'H NMR yield: 72%. Isolated in 62% yield, 9% '*C
incorporation (HRMS) as an off-white oil after purification by silica gel
chromatography (1% to 3% MeOH in DCM with 0.1% AcOH). The AcOH was
removed by chasing the product with toluene three times on a rotovap.

TH NMR (CDCl3, 500 MHz) (~2:1 mixture of rotamers) 8 4.37 (br d, J= 7.7 Hz, 0.7H),
4.28 (br s, 0.3H), 3.62-3.33 (m, 2H), 2.44-2.34 (m, 0.7H), 2.33-2.24 (m, 0.3H), 2.13—
2.02 (m, 1H), 2.01-1.87 (m, 2H), 1.51 (s, 5.8H), 1.45 (s, 3.2H);

13C NMR (CDCls, 125 MHz) (rotamers) & 173.9 (178.2), 157.0 (153.8), 81.8 (80.3),
59.4 (58.9),47.1 (46.4),30.9 (29.7), 28.4 (28.2), 24.4 (23.7);

HRMS (ESI): calcd. for Co['*C]H16NO4s [M-H]: 215.1118. Found 215.1117.

Q
WC‘OH
. NHBoc

3-21 (¢)-[C1-13C]Boc-4-fluorophenylalanine prepared according to the general
procedure A from L-4-fluorophenylalanine (36.6 mg, 0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3 (26.1 mg, 0.08
mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
28 h. 'H NMR yield: 80%. Isolated in 55% yield (31.3 mg), 50% '*C incorporation
(HRMS) as a white solid after purification by silica gel chromatography (1% to 3%
MeOH in DCM with 0.1% AcOH). The AcOH was removed by chasing the product
with toluene three times on a rotovap.
TH NMR (CDCl3, 500 MHz) (~5:2 mixture of rotamers) 8 7.19-7.11 (m, 2H), 7.02—
6.94 (m, 2H), 6.28 (br s, 0.3H), 4.96 (br s, 0.7H), 4.60 (br s, 0.7H), 4.36 (br s, 0.3H),
3.17 (dd, J=14.6, 4.2 Hz, 1H), 3.04 (dd, J = 14.6, 9.1 Hz, 0.7H), 2.90 (br s, 0.3H),
1.42 (s, 6.5H), 1.35 (br s, 2.5H);
13C NMR (CDCl3, 125 MHz) (rotamers) § 176.4 (175.9), 162.1 (d, J = 260 Hz), 155.3
(156.3), 131.5 (132.0), 130.9 (d, /= 5.0 Hz), 115.5 (d, /= 19.8 Hz), 80.5 (81.8), 54.3
(d, J=59.4 Hz) (56.0), 37.1 (38.1), 28.3 (28.1);
1F NMR (CDCls, 376 MHz) (rotamers) 8 —115.7 (—-115.8);
HRMS (ESI): calcd. for Ci3['*CJHi17FNO4 [M-H]: 283.1181. Found 283.1178.
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3-22 (¥)-[Ci1-*C]Boc-4-bromophenylalanine prepared according to the
general procedure A from L-4-bromophenylalanine (48.8 mg, 0.20 mmol, 1.0 equiv.),
4-methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3(26.1 mg, 0.08
mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
28 h. '"H NMR yield: 72%. Isolated in 60% yield (41.4 mg), 83% '*C incorporation
(HRMS) as an orange solid after purification by silica gel chromatography (1% to 3%
MeOH in DCM with 0.1% AcOH). The AcOH was removed by chasing the product
with toluene three times on a rotovap.
'"H NMR (d4-MeOH, 500 MHz) (~4:1 mixture of rotamers) & 7.41 (d, J= 8.5 Hz, 2H),
7.15 (d, J= 8.5 Hz, 2H), 4.32 (m, 0.8H), 4.24 (br s, 0.2H), 3.13 (ddd, J=13.7, 5.1, 2.6
Hz, 1H), 2.86 (ddd, J=13.7, 8.4, 2.6 Hz, 1H), 1.37 (s, 7H), 1.33 (s, 2H);
13C NMR (ds-MeOH, 125 MHz) (rotamers) § 175.1, 157.8, 138.0, 132.4, 132.3, 121.5,
80.6 (81.5), 56.1 (d, J=59.3 Hz) (57.2), 38.2 (38.6), 28.7 (28.4);
HRMS (ESI): calcd. For Ci3['3CJH17NO4["Br] [M-H]": 343.0380. Found 343.0379.

Q
| NHBoc

3-23 (2)-[Ci-"*C]Boc-4-iodophenylalanine prepared according to the general
procedure A from L-4-iodophenylalanine (58.2 mg, 0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3 (26.1 mg, 0.08
mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
28 h. 'H NMR yield: 75%. Isolated in 63% yield (49.5 mg), 84% '*C incorporation
(HRMS) as a white solid after purification by silica gel chromatography (1% to 3%
MeOH in DCM with 0.1% AcOH). The AcOH was removed by chasing the product
with toluene three times on a rotovap.
TH NMR (CDCl3, 500 MHz) (~3:1 mixture of rotamers) & 7.62 (d, J = 8.7 Hz, 2H),
6.93 (d, J=18.7 Hz, 2H), 6.18 (br s, 0.2H), 4.95 (br s, 0.7H), 4.58 (br s, 0.8H), 4.36 (br
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s, 0.3H), 3.14 (dd, J = 12.6, 6.0 Hz, 1H), 3.00 (dd, J = 12.6, 8.2 Hz, 0.7H), 2.85 (brs,
0.3H), 1.42 (s, 7H), 1.34 (br s, 2H);

13C NMR (CDCl3, 125 MHz) (rotamers) & 175.9 (175.6), 155.3 (156.1), 137.7, 135.5,
131.4,92.7, 80.5 (81.8), 54.1 (d, J=57.8 Hz) (55.1), 37.4 (38.6), 28.3 (28.1);

HRMS (ESI): calcd. for Ci3['*C]H17INO4 [M-H]: 391.0241. Found 391.0237.

2
Joga
3-24 (+)-[Ci-'*C]Boc-4-azidophenylalanine prepared according to the general

procedure A from L-4-azidophenylalanine (41.2 mg, 0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3 (26.1 mg, 0.08
mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
28 h. 'H NMR yield: 93%. Isolated in 65% yield (40.0 mg), 56% '*C incorporation
(HRMS) as a yellow solid after purification by silica gel chromatography (1% to 3%
MeOH in DCM with 0.1% AcOH). The AcOH was removed by chasing the product
with toluene three times on a rotovap.

TH NMR (ds-Acetone, 500 MHz) (~7:1 mixture of rotamers) § 7.43 (d, /= 8.0 Hz, 2H),
7.12(d, J=8.0 Hz, 2H), 6.13 (br d, /= 8.0 Hz, 0.8H), 5.80 (br s, 0.1H), 4.50 (m, 0.9H),
4.41 (brs, 0.2H), 3.30 (dd, J = 14.5, 4.7 Hz), 3.09 (dd, J = 14.5 Hz, 9.8 Hz, 1H), 1.45
(s, 9H);

13C NMR (ds-Acetone, 125 MHz) (rotamers) & 173.4, 156.3, 139.2, 135.6, 131.8,
119.8, 79.4 (80.0), 55.7 (d, J = 60.9 Hz) (57.1), 37.6 (38.2), 28.6 (28.4);

HRMS (ESI): calcd. for Ci3['*C]H17N404 [M-H]". 306.1289. Found 306.1284.

Q
13
Cq
/@/Y OH
NHBoc
O,N

3-25 (£)-[Ci-1*C]Boc-4-nitrophenylalanine prepared according to the general
procedure A from L-4-nitrophenylalanine (0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3 (42.0 mg, 0.08

mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
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28 h. 'H NMR yield: 76%. Isolated in 58% yield (36.0 mg), 48% '3C incorporation
(HRMS) as an orange solid after purification by silica gel chromatography (1% to 3%
MeOH in DCM with 0.1% AcOH). The AcOH was removed by chasing the product
with toluene three times on a rotovap.

TH NMR (ds-Acetone, 500 MHz) (~7:1 mixture of rotamers) & 8.28 (d, /= 8.7 Hz, 2H),
7.69 (d,J= 8.7 Hz, 2H), 6.32 (br d, J = 9.5 Hz, 0.7 H), 5.95 (br s, 0.1H), 4.61 (m,
0.9H), 4.52 (brs, 0.1H), 3.47 (dd, J = 14.4, 5.8 Hz, 1H), 3.26 (dd, J = 14.4, 9.5 Hz),
1.43 (s, 8.4H), 1.42 (br s, 0.6H);

13C NMR (ds-Acetone, 125 MHz) (rotamers) & 173.1, 156.3, 147.9, 146.9, 131.5,
124.1,79.5, 55.3 (d, J=60.1 Hz) (56.8), 38.1 (38.6), 28.5;

HRMS (ESI): calcd. for Ci3['*C]H17N206 [M-H]: 310.1126. Found 310.1129.

Q
13
/@/\(C\OH
NHB
(HO),B oc

3-26 (+)-[C1-"*C]Boc-4-boronophenylalanine prepared according to the general
procedure A from L-4-boronophenylalanine (41.8 mg, 0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3 (26.1 mg, 0.08
mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
28 h. '"H NMR yield: 39%. Isolated in 32% yield (19.9 mg), 43% '*C incorporation
(HRMS) as an off-white solid after purification by silica gel chromatography (3% to
7% MeOH in DCM with 0.1% AcOH). The AcOH was removed by chasing the product
with toluene three times on a rotovap.

TH NMR (ds-MeOH, 700 MHz) (~4:1 mixture of rotamers) & 7.66 (br s, 0.4H), 7.53
(brd,J=7.6 Hz, 1.6H), 7.24 (br d, ] = 7.6 Hz, 1.6H), 7.22-7.17 (m, 0.4H), 4.36-4.30
(m, 0.8H), 4.25 (brs, 0.2H), 3.17 (dd, J=13.3, 4.7 Hz, 1H), 2.92 (dd, /= 13.3, 8.6 Hz,
0.8H), 2.87-2.81 (m, 0.2H), 1.38 (s, 7.1H), 1.31 (s, 1.9H);

I3C NMR (d4-MeOH, 175 MHz) (rotamers) 6 176.1 (176.4), 157.7, 140.5, 134.6, 129.7,
80.4, 56.6 (d, J=56.6 Hz), 39.0, 28.7 (28.4);

HRMS (ESI): calcd. for Cis['3C]Hio[''B]NOs [M-H]: 309.1344. Found 309.1337.
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3-27 (¥)-[Ci-13C]Boc-cyclopropylalanine prepared according to the general
procedure A from L-cyclopropylalanine (25.8 mg, 0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3 (26.1 mg, 0.08
mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
28 h. 'H NMR yield: 85%. Isolated in 68% yield (31.2 mg), 42% '*C incorporation
(HRMS) as a colorless oil after purification by silica gel chromatography (1% to 3%
MeOH in DCM with 0.1% AcOH). The AcOH was removed by chasing the product
with toluene three times on a rotovap.

'H NMR (CDCIs, 500 MHz) (~3:1 mixture of rotamers) & 6.09 (br s, 0.2H), 5.17
(brd,J=7.3 Hz, 0.7H), 4.40 (br s, 0.8H), 4.20 (br s, 0.3H), 1.75-1.65 (m, 2H), 1.43
(s, 9H), 0.82—0.70 (m, 1H), 0.54-0.44 (m, 2H), 0.18-0.07 (m, 2H);

13C NMR (CDCls, 125 MHz) (rotamers) 8 177.6, 155.5 (156.3), 80.2 (81.4), 53.9 (d, J
=59.7 Hz) (55.2), 37.0 (37.3), 28.3, 7.0 (7.1), 4.3 (4.2);

HRMS (ESD): calcd. for Cio['*C]JH1sNO4 [M-H]: 229.1275. Found 229.1268.

(0]
13“
C<
Z Y oM
NHBoc

3-28 (+)-[Ci-*C]Boc-propargylalanine prepared according to the general
procedure A from L-propargylalanine (22.6 mg, 0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3 (26.1 mg, 0.08
mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
28 h. 'H NMR yield: 80%. Isolated in 69% yield (29.6 mg), 61% '*C incorporation
(HRMS) as a yellow oil after purification by silica gel chromatography (1% to 3%
MeOH in DCM with 0.1% AcOH). The AcOH was removed by chasing the product
with toluene three times on a rotovap.

TH NMR (CDCIl3, 500 MHz) (~4:1 mixture of rotamers) 8 6.07 (br s, 0.1H), 5.37
(brd,J=8.2 Hz 0.9H), 4.60-4.50 (m, 0.8H), 4.34 (brs, 0.2H), 2.88-2.74 (m, 2H), 2.11
(t,J=2.5Hz, 0.9H), 2.05 (t, /= 2.5 Hz, 0.1H), 1.49 (s, 9H);
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13C NMR (CDCls, 125 MHz) (rotamers) 8 175.2, 155.4 (155.6), 80.7, 78.2, 72.0, 674,
51.8 (d,J=60.8 Hz), 28.3, 22.5;
HRMS (ESI): caled. for Co['*C]H14NO4 [M-H]: 213.0962. Found 213.0961.

Chiral Resolution of Amino Acids by DKR, KR and Prep-HPLC

a) Racemization of Enantiopure Phenylalanine

Isotopic labeling occurs with racemization of chiral enantiopure oa-amino acids, as
shown in the plot below. Note that sampling the reaction multiple times leads to a slight

decrease in the final '*C incorporation compared to standard conditions.

20 mol% catalyst
Ph 13C0O, (~ 1 atm, 8 equiv) Ph

H,N" ~COyH 40% Cs,CO3 H,N” 3COoyH
DMSO, 70 °C, 24 h

catalyst

R

100 q

ee
80

13C

40

%eel 13C

20

0“ I I I I I T
0 4 8 12 16 20 24

time (h)

Note: the initial carboxylate exchange step to prepare enantiopure o-amino acids can

be performed, using either the general procedure A or the General procedure E.
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b) L-phenylalanine (3-1a)
1. DKR, Using Chiral Nickel Complexation/Decomplexation, 3 Steps

1. 20 mol% catalyst 136
NH; 13C0,, Cs,CO4 NH,
DMSO, 70 °C 341
catalyst

/©/CHO
MeO

3-1 (£)-[Ci-"*C]phenylalanine Step 1. Prepared according to the general
procedure A from (%)-phenylalanine (33.0 mg, 0.20 mmol, 1.0 equiv.), 4-
methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2CO3 (26.1 mg, 0.08
mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was allowed to stir for
26 h. The crude reaction mixture was lyophilized to remove the DMSO and
subsequently used directly in the next step without further purification. The isolated

yield was assumed to be quantitative.

2. Ni(OAG),»4H,0

] '
©/\(30\0H (S)-Chiral Ligand, K,CO, CN\N,O\ _0 P
z I 130/ : H
NHy N\ ] ' OPNH O

MeOH, 60 °C o N

(S)-Chiral |
al 3-1aa : cl Ligand .

3-1aa Step 2. Adapted from a literature procedure.'”! In an atmosphere-
controlled glovebox, 3-1 (0.20 mmol, assumed quantitative yield in Step 1), (S)-chiral
ligand (88.3 mg, 0.18 mmol, 1.0 equiv.), Ni(OAc)224H20 (49.8 mg, 0.20 mmol, 1.1
equiv.), K2COs (124 mg, 0.90 mmol, 5.0 equiv.), and MeOH (3.7 mL) were added
sequentially to an 8-dram vial charged with a stir bar. The vial was sealed with a PTFE-
lined cap, removed from the glovebox, and stirred subsequently at 60 °C in an
aluminum block. Upon completion of the reaction (3 h), the vial was cooled to room

temperature. The reaction mixture was quenched with ice cold AcOH (5% in H20, 20

mL), and the aqueous layer was extracted with DCM (3 x 10 mL). The combined
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organics were washed with brine (1 x 10 mL), dried over anhydrous Na2SOs, filtered,
and concentrated in vacuo. The crude product was used directly in the next step without

further purification. The isolated yield was assumed to be quantitative.

Cl
cl
Q
L5 aroem Y
O%N, \,NJ"'/ MeOH, 70 °C NH;
Ph 3-1a, 97% ee
cl 3-1aa

3-1a L-[Ci-"*C]phenylalanine Step 3. Adapted from a literature procedure.!”® In
an 8-dram vial charged with a stir bar was added 3-laa (0.18 mmol, assumed
quantitative yield in Step 2) and MeOH (3.6 mL). The solution was stirred vigorously
at room temperature, and 6 M HCI (1.0 mL) was added dropwise while stirring. The
reaction was then heated to 70 °C in an aluminum block. Upon completion of the
reaction (0.5 h), the vial was cooled to room temperature and concentrated in vacuo.
The pH was adjusted carefully to ~9 with concentrated NH4OH (~0.5 mL). Then, the
aqueous layer was extracted with DCM (5 x 10 mL) to wash away the chiral ligand.
The chiral ligand can be recovered from the combined organics for future use. Next,
the aqueous layer was acidified to pH ~3 with 3M HCI (~2 mL). The aqueous layer
was lyophilized subsequently to remove the water. Isolated in 70% yield over 3 steps
(23.2 mg), 63% '3C incorporation (HRMS), 97% ee after purification by preparative-
HPLC (Agilent Prep-C18 column, 5% MeOH in H20, 30 mL/min) as a white solid.
TH NMR (D20, 500 MHz) § 7.42—7.38 (m, 2H), 7.37-7.32 (m, 1H), 7.31-7.28 (m, 2H),
3.99-3.94 (m, 1H), 3.30 — 3.23 (m, 1H), 3.09 (dd, J = 14.5, 8.1 Hz, 1H);
13C NMR (D20, 125 MHz) 8 173.6, 135.0, 129.4, 129.2, 127.8, 56.0 (d, J = 56.2 Hz),
36.3;HRMS (ESI): calcd. for Cs['*C]H10NO2 [M-H]: 165.0751. Found 165.0749;
Chiral HPLC: Astec Chirobiotic-T column (30% MeOH in H20 with 0.02% HCO:2H,

0.5 mL/min), t: = 4.4 min (major), tr = 5.5 min (minor).
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2. KR, Using a-Chymotrypsin, 3 Steps

13
1.13co, ©/\(C\OH
X oCs NH,
N DMSO, 90 °C
o 3-1

3-1 (£)-[Ci-*C]phenylalanine Step 1. Note: three 0.2 mmol scale carboxylate
exchange reactions were run in parallel, and the crude reaction mixtures were combined
before performing Step 2. The preformed imine carboxylate salt was prepared
according to the General Procedure E from (+)-phenylalanine (33.1 mg, 0.20 mmol,
1.0 equiv.), benzaldehyde (21.2 mg, 0.20 mmol, 1.0 equiv.), and Cs2CO3(32.6 mg, 0.10
mmol, 0.50 equiv.) in MeOH (1.0 mL). The reaction mixture was allowed to stir at 70
°C for 1 h. After the MeOH to DMSO (1 mL) solvent swap, the carboxylate imine salt
was subjected to the exchange conditions (general procedure E) to prepare the labeled
amino acid. The reaction mixture was allowed to stir at 90 °C for 1 h. The crude reaction
mixture was lyophilized to remove the DMSO. Then, the mixture was acidified to pH
1 -2 with IM HCI (2-3 mL), and the aqueous layer was washed with EtOAc (3 % 10
mL). The aqueous layer was lyophilized to remove the H20, and the product was used
directly in the next step without further purification. The isolated yield was assumed to

be quantitative.

Q Q
130\ 13
OH 2.80Cl, C oMe
NH, NH;
MeOH, 0 °C — rt
31 3-1ab

3-1ab Step 2. Adapted from a literature procedure.!” To a 1-dram vial charged
with a stir bar was added 3-1 (0.60 mmol, assumed quantitative yield in Step ) and
anhydrous MeOH (0.84 mL). The resulting mixture was cooled to 0 °C, after which
thionyl chloride (0.90 mmol, 1.5 equiv., 60.0 uL) was slowly added. The reaction was
allowed to slowly warm up to room temperature. After stirring for 20 h, the crude
mixture was concentrated in vacuo. The crude product was used directly in the next

step without further purification, 70% calibrated 'H NMR yield over two steps.
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Q Q

13 13
C\OMe 3. a-Chymotrypsin C\OH
NH» NH,

NEtz, 9:1 MeCN:H,0, rt
3-1ab 3-1a, 99% ee

3-1a L-[C1-13C]-phenylalanine Step 3. Adapted from a literature procedure.'®

In an 8-dram vial charged with a stir bar was added 3-1ab (0.42 mmol, based on two
step calibrated 'H NMR yield from Steps I and 2) and MeCN (8.4 mL). This was
followed by the addition of triethylamine (58.3 puL, 0.42 mmol, 1.0 equiv.) and a
solution of a-chymotrypsin from bovine pancreas (2.8 mg, >40 units/mg protein) in
H20 (0.93 mL). Then, the reaction mixture was stirred at room temperature for 24 h,
and concentrated in vacuo. The aqueous layer was lyophilized subsequently to remove
the water. Isolated in 26% yield over 3 steps (26.0 mg), 86% '*C incorporation
(HRMS), 99% ee after purification by preparative-HPLC (Agilent Prep-C18 column,
5% MeOH in H20, 30 mL/min) as a white solid.

'"H NMR (D20, 500 MHz) 6 7.42-7.38 (m, 2H), 7.37-7.32 (m, 1H), 7.31-7.28 (m, 2H),
3.99-3.94 (m, 1H), 3.30-3.23 (m, 1H), 3.09 (dd, J = 14.5, 8.1 Hz, 1H);

13C NMR (D20, 125 MHz) § 173.6, 135.0, 129.4, 129.2, 127.8, 56.0 (d, J = 56.2 Hz),
36.3;
HRMS (ESI): calcd. for Cs[!*C]H10NO2 [M-H]: 165.0751. Found 165.0748;
Chiral HPLC: Astec Chirobiotic-T column (30% MeOH in H20 with 0.02% HCO:2H,

0.5 mL/min), tr = 4.3 min (major), tr = 5.4 min (minor).

3. Resolution of Fmoc-Phenylalanine by Preparative-HPLC, 2 Steps

13
1.13co, WC\OH
N 0Cs NH,
N DMSO, 90 °C
(0] 3-1

3-1 (¥)-[Ci1-*C]phenylalanine Step I. The preformed imine carboxylate salt
was prepared according to the general procedure E from (+)-phenylalanine (33.1 mg,
0.20 mmol, 1.0 equiv.), benzaldehyde (21.2 mg, 0.20 mmol, 1.0 equiv.), and Cs2CO3
(32.6 mg, 0.10 mmol, 0.50 equiv.) in MeOH (1.0 mL). The reaction mixture was

allowed to stir at 70 °C for 1 h. After the solvent swap, the carboxylate imine salt was
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subjected to the exchange conditions (general procedure E) in DMSO (1.0 mL) to
prepare the labeled amino acid. The reaction mixture was allowed to stir at 90 °C for 1
h. The crude reaction mixture was lyophilized to remove the DMSO. Then, the mixture
was acidified to pH 1-2 with 1M HCI (2-3 mL), and the aqueous layer was washed
with EtOAc (3 x 10 mL). The aqueous layer was lyophilized to remove the H2O, and
the product subsequently was used directly in the next step without further purification.

The isolated yield was assumed to be quantitative.

0 o}

130 130
“OH 2. FmocCl, Na,CO3 “OH
NH, NHFmoc

1:1 Dioxane:H,0, 0 °C —rt
3-1 3-1b

3-1b (+)-[Ci-'*C]Fmoc-phenylalanine Step 2. To a 1-dram vial charged with a
stir bar was added 3-1 (0.20 mmol, assumed quantitative yield in Step 1), 1:1
Dioxane:H20 (1.3 mL), and Na2COs (116.7 mg, 1.1 mmol, 5.5 equiv.). Then, the
reaction mixture was cooled to 0 °C. FmocCl (62.1 mg, 0.24 mmol, 1.2 equiv.) was
added at 0 °C, and the reaction was allowed to warm up to room temperature. After
overnight stirring (16 h), the reaction mixture was acidified, using 1M HCI (5 mL), and
the aqueous layer was extracted with DCM (3 x 20 mL). The combined organics were
washed with water (1 X 10 mL) and brine (1 x 10 mL), dried over sodium sulfate,
filtered, and concentrated in vacuo. Isolated in 56% yield (43.5 mg), 87% *C
incorporation (HRMS) as a white solid after purification by silica gel chromatography

(0 to 4% MeOH in DCM with 0.1% AcOH).
Chiral Resolution of 3-1b by preparative-HPLC: Resolution of 3-1b was carried out

by using a Phenomenex Lux i-Amylose-3 column (10 X 250 mm, 5 pum particle size)
under normal phase conditions, 20% DCM in hexanes with 1% AcOH, and 1% EtOH,
5 mL/min. Racemic material was loaded on the column at a concentration of 10 mg/mL
in 30% DCM in hexanes with 3% EtOH and 1% AcOH. Repeated injections of 300 uL
were performed. Five injections gave a 27% isolated yield (21.0 mg) of D-3-1b as a
white solid, >99% ee, and a 24% isolated yield (18.6 mg) of L-3-1b as a white solid,
96% ee.
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TH NMR (CDCls, 500 MHz) (~4:1 mixture of rotamers) § 7.79 (d, J = 7.7 Hz, 2H),
7.63-7.50 (m, 2H), 7.42 (t, J= 7.8 Hz, 2H), 7.33 (t, J = 7.8 Hz, 4H), 7.17 (d, J="7.0
Hz, 1.7H), 7.09-7.06 (m, 0.3H), 5.66 (br s, 0.2 H), 5.22 (d, /= 8.2 Hz, 0.8 H), 4.75 (q,
J=6.3 Hz, 0.8H), 4.48 (dd,"J = 10.5, 7.2 Hz, 1H), 4.40 (dd, /= 10.5, 7.0 Hz, 1H), 4.23
(t,J=7.1Hz, 1H), 3.25 (dd, J=13.9, 5.4 Hz, 0.8H), 3.15 (dd, /= 13.9, 5.4 Hz, 0.8H),
3.08-2.95 (m, 0.2H), 2.94-2.80 (m, 0.2H);

I3C NMR (CDCls, 125 MHz) 8 174.7, 155.9, 143.7, 141.4, 135.7, 129.4, 128.7, 127.8,
127.3,127.1, 125.1, 120.0, 67.1, 47.1, 37.8, 39.8;

HRMS (ESD): calcd. for C23['*C]H20NO4 [M-H]: 387.1431. Found 387.1427.

Chiral HPLC: ChiralPak IC column (10% IPA in Hexanes with 0.1% AcOH, 1.5
mL/min), t: = 8.1 min (L-enantiomer), tr = 10.2 min (D-enantiomer).

b) L-Leucine (3-2a)

1. KR, Using Acylase I from Aspergillus Melleus, 3 steps

(0]
1. 20 mol% catalyst 13
M M oN
e OH © OH

Me NH, 3C0,, Cs,CO3 Me NH,

DMSO, 70 °C
3-2

catalyst

/©/CHO
MeO

3-2 (£)-[Ci-1*C]-leucine Step 1. Note: three 0.2 mmol scale reactions were run
in parallel, and the crude reaction mixtures were combined before performing Step 2.
Prepared according to the general procedure A from L-leucine (26.2 mg, 0.20 mmol,
1.0 equiv.), 4-methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.), and Cs2COs3
(26.1 mg, 0.08 mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction mixture was
allowed to stir for 28 h. The crude reaction mixture was lyophilized to remove the
DMSO, and subsequently used directly in the next step without further purification.

The isolated yield was assumed to be quantitative.
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0o o

"
13, 13,
Me Con 2. Ac,0, NaHCO; Me Con
Me NH, Me NHAc
H,0, 0 °C — rt
3-2 3-2aa

3-2aa Step 2. Adapted from a literature procedure.'® To a 1-dram vial charged
with a stir bar was added 3-2a (0.60 mmol, assumed quantitative yield in Step 1),
followed by a 5% aqueous NaHCO3 solution (1.68 mL). The reaction mixture was
cooled to 0 °C, after which acetic anhydride (206 pL, 1.8 mmol, 3.0 equiv.) was added
dropwise over a period of 30 min. The resulting mixture was allowed to warm up to
room temperature, and subsequently stirred for 18 h. The crude mixture was then
acidified to pH 2-3 with 6M HCI and then lyophilized to remove the H2O. The crude
product was used directly in the next step without further purification. The isolated

yield was assumed to be quantitative.

(0] (0]
1303 3. Acylase from Aspergillus Melleus 13“\
Me C\OH Me C OH
Me NHAc NaOH, CoCl,- 6H,0 Me NH,
H,0, 37 °C
3-2aa 3-2a, >99% ee

3-2a L-[C1-"*C]-leucine Step 3. Adapted from a literature procedure.!” In an 8-
dram vial charged with a stir bar was added sequentially 3-2aa (0.6 mmol, assumed
quantitative yield in Step 2), NaOH pellets (26.0 mg, 0.66 mmol, 1.1 equiv.), and H2O
(1.04 mL). Next, CoCl.e6H20 (300 pg, 1.2 pmol, 0.002 equiv.) was added, the
colourless solution was adjusted to pH 7.7-7.9 with 2M HCI, and subsequently was
heated to 37 °C. Then, acylase from Aspergillus Melleus (47.0 mg, >0.5 units/mg) was
added, and the reaction was stirred at 37 °C for 48 h. The pH was monitored carefully
and kept at 7.9 with 1M NaOH by testing with pH strips. After 48 h, the resultant
heterogeneous mixture was acidified with 2M HCI. The aqueous layer was washed with
CHCI3 (5 x 10 mL) to remove the N-acetyl D-leucine, and the aqueous layer was
lyophilized to remove the water. Isolated in 38% yield over 3 steps (30.1 mg), 38% *C
incorporation (HRMS), >99% ee as a white solid.

'TH NMR (D20, 500 MHz) 8 4.03-3.97 (m, 1H), 1.87-1.68 (m, 3H), 0.95 (app t, J =
5.9 Hz, 6H);
I3C NMR (D20, 125 MHz) & 174.3, 52.9 (d, J = 60.2 Hz), 40.0, 25.0, 22.7, 21.9;
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HRMS (ESI): calcd. for Cs['*C]H1sNO2 [M+H]": 133.1053. Found 133.1054;
Chiral HPLC: Astec Chirobiotic-T column (40% MeOH in H20 with 0.02% HCO:2H,

0.5 mL/min), t: = 2.3 min (major), t: = 2.7 min (minor).

Mechanistic Analysis
a) Kinetic Analysis and Aldehyde Catalyst Lifetime Studies
1. Kinetic Analysis of Aldehyde Catalysts for the Carboxylate Exchange of

Phenylalanine
20 mol% catalyst
Ph 3C0, (~ 1 atm, 8 equiv) Ph
HzNj\COZH 40% Cs,CO3 HN" 3CO,H
DMSO, 70 °C, 24 h
catalyst
CHO
L
time '3Cinc.(%) '3Cinc. (%) 13C inc. (%) 13C inc. (%)
(h) R= OMe R=H R= CF; R=CN
1h 7 15 21 16
2h 10 24 27 18
3h 15 30 29 18
4h 17 30 29 19
6h 25 36 30 19
8h 27 41 30 19
10 h 33 42 31 20
24 h 45 48 33 24

The experiment followed the general procedure A, using (£)-phenylalanine
(16.5 mg, 0.10 mmol, 1.0 equiv.) with different catalysts, 4-methoxybenzaldehyde (2.7
mg, 0.02 mmol, 0.20 equiv.), benzaldehyde (2.1 mg, 0.02 mmol, 0.20 equiv.), 4-
cyanobenzaldehyde (2.6 mg, 0.02 mmol, 0.20 equiv.), 4-CF3-benzaldehyde (3.5 mg,
0.02 mmol, 0.20 equiv.), Cs2CO3 (13 mg, 0.04 mmol, 0.40 equiv.), and DSS internal
standard in DMSO (1.0 mL). The reaction mixtures were sampled at 1 h, 2 h, 3 h, 4 h,

6 h, 8 h, 10 h, and 24 h. To determine the percent recovery of the amino acid, a small
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aliquot (~10 uL) of the reaction was placed in 0.70 mL D20 for calibrated 'H NMR
analysis, using DSS as the reference signal. To determine the % '3C incorporation, a
small aliquot of the reaction (~5 pL) was placed in 1.0 mL of 1:1 MeOH:H20/0.1%
HCO:2H for LC-MS analysis. Above is the representation of data for all catalysts at
different time points. The terminal amounts of *C incorporation are reduced compared

to standard experiments, likely because of ['3C]CO: loss during reaction sampling.

2. Lifetime of Aldehyde Catalysts for the Carboxylate Exchange of

Phenylalanine
20 mol% catalyst
Phj\ 3C0O, (~ 1 atm, 8 equiv) Phl
H,N” ~CO,H 40% Cs,CO4 H,NT "3CO,H
DMSO, 70°C, 24 h
catalyst
/©/CHO
R
time Recovery(%) Recovery(%) Recovery(%) Recovery(%)
(h) R= OMe R=H R=CF; R=CN
0h 18 15 18 1
1h 12 11 3 1
6 h 1 5 0 1
24 h 2 0 0 0

The experiment followed the general procedure A, using (£)-phenylalanine (16.5
mg, 0.10 mmol, 1.0 equiv.) with different catalysts, 4-methoxybenzaldehyde (2.7 mg,
0.02 mmol, 0.20 equiv.), benzaldehyde (2.1 mg, 0.02 mmol, 0.20 equiv.), 4-
cyanobenzaldehyde (2.6 mg, 0.02 mmol, 0.20 equiv.), 4-CF3-benzaldehyde (3.5 mg,
0.02 mmol, 0.20 equiv.), Cs2CO3 (13 mg, 0.04 mmol, 0.40 equiv.), and TMB internal
standard in DMSO (1.0 mL). The reaction mixtures were sampled at, 0 h, 1 h, 6 h, 24
h. To determine the percent recovery of the aldehyde, a small aliquot (~10 pL) of the
reaction was placed in 0.90 mL CDCl3, quenched with 1.0 M HCl, and passed through
a pipet containing Na2SOs into an NMR tube for calibrated '"H NMR analysis, using
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TMB as the reference signal. Above is the representation of data for all catalysts at
different time points.

b) Specific Experimental Details for Crossover to Observe Phenylalanine

Br 20 mol% catalyst Br
8CO, (~ 1 atm, 8 equiv) Ph
40% Cs,CO4 j\

HaN™ "CO.H H,N” 13CO,H Ho,N™ 13CO,H
DMSO, 70 °C, 28 h
10% (88%) not observed
by LCMS
catalyst
Ph\/§o

The experiment followed the general procedure A, wusing L-4-
bromophenylalanine (24.4 mg, 0.10 mmol, 1.0 equiv.), phenylacetaldehyde (2.4 mg,
0.02 mmol, 0.20 equiv.), and Cs2CO3 (13 mg, 0.04 mmol, 0.40 equiv.) in DMSO (1.0
mL). The reaction mixture was allowed to stir for 28 h. 'H NMR yield: 88%, '*C
incorporation: 10% (LCMS). '¥13C-labeled phenylalanine was not detected by LCMS.
In a standard experiment, in which phenylalanine was added in 1% before analysis, it
was detected readily. Thus, the smallest quantity of phenylalanine formed in a reaction

that can be detected accurately by the LCMS protocol used is at least 1%.

¢) Specific Experimental Details for Crossover to Observe Phenylglycine

1. Standard Conditions, Using 20 mol % Benzaldehyde Catalyst

20 mol% catalyst
Ph

j\ 8CO, (~ 1 atm, 8 equiv) 1 )p\h

Ph

H,N™ ~CO,H 40% Cs,CO4 H,N” 13CO,H Hy,N™ 3CO,H
DMSO, 70 °C, 24 h 60% (81%) not observed
by LCMS
catalyst

©/CHO

The experiment followed the general procedure A from (+)-phenylalanine (16.5
mg, 0.10 mmol, 1.0 equiv.) benzaldehyde (2.1 mg, 0.02 mmol, 0.20 equiv.), and
Cs2C03 (13 mg, 0.04 mmol, 0.40 equiv.) in DMSO (1.0 mL). The reaction mixture was
allowed to stir for 24 h. "H NMR yield: 81%, '3C incorporation: 60% (LCMS). '13C-
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labeled phenylglycine was not detected by LCMS. In a standard experiment, in which
phenylglycine was added in 1% before analysis, it was detected readily. Thus, the
smallest quantity of phenylglycine formed in a reaction that can be accurately detected

by the LCMS protocol used is at least 1%.
2. Standard Conditions, Using 75 mol % Benzaldehyde Catalyst

75 mol% catalyst

Ph Ph

8CO, (~ 1 atm, 8 equiv) 1 Ph
13 13
H,N” ~CO,H 40% Cs,CO; H,N” 13CO,H HoN CO,H
DMSO, 70°C, 24 h 72% (70%) not observed

by LCMS

catalyst

©/CHO

The experiment followed the general procedure A from (+)-phenylalanine (16.5
mg, 0.10 mmol, 1.0 equiv.) benzaldehyde (8.0 mg, 0.075 mmol, 0.75 equiv.) and
Cs2C0s3 (32.5 mg, 0.10 mmol, 1.0 equiv.) in DMSO (1.0 mL). The reaction mixture
was allowed to stir for 24 h. '"H NMR yield: 70%, '*C incorporation 72% (LCMS).
12/13C_labeled phenylglycine was not detected by LCMS. In a standard experiment, in
which phenylglycine was added in 1% before analysis, it was detected readily. Thus,
the smallest quantity of phenylglycine formed in a reaction that can be detected

accurately by the LCMS protocol used is at least 1%.
d) Detection of Side Products

20 mol% catalyst

Ph oMm
Ph BCO, (~ 1 atm, 8 equiv) Ph Ph jY©/ e
HoN" CO,H 40% Cs,C05 HoN" " 13CO,H

HoN
DMSO, 70 °C, 28 h 2 OH
66% (86%) 3% by NMR observed by
HRMS

catalyst

MeO

The experiment followed the general procedure A from (+)-phenylalanine (33.0
mg, 0.20 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (5.4 mg, 0.04 mmol, 0.20 equiv.),
and Cs2COs3 (26.1 mg, 0.08 mmol, 0.40 equiv.) in DMSO (2.0 mL). The reaction
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mixture was allowed to stir for 28 h. 'H NMR yield: 86%, '*C incorporation: 66%.
Protodecarboxylation product (phenethylamine) was observed by NMR ('H NMR
yield: 3%). The mass for the trapped aldehyde product was detected by HRMS. m/z =

258.1478 [M+H]. There was no aldehyde catalyst remaining at the end of the reaction.
e) Labeling Experiment with D,O

20 mol% catalyst

D,0O (1 equiv) Ph
Phj\ 3C0, (~ 1 atm, 8 equiv) J\ Fh
H.N 12/1300 H j\
H,N" CO,H 40% Cs,CO3 2" HD o ORNTTD
DMSO, 70 °C, 28 h 3-1aa not observed
77% yield by LCMS
catalyst 21% D, 40% '3C

MeO'

3-1aa Prepared according to the general procedure A from (+)-phenylalanine
(16.5 mg, 0.10 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (2.7 mg, 0.02 mmol, 0.20
equiv.), and Cs2COs3 (13.0 mg, 0.04 mmol, 0.40 equiv.) and D20 (1.8 mL, 0.10 mmol,
1.0 equiv.) in DMSO (1.0 mL). The reaction mixture was allowed to stir for 24 h. 'H
NMR vyield: 77%, Isolated in 68% yield, 40% '3C incorporation (HRMS), 21% 2H
incorporation (NMR) after purification by preparative-HPLC (Agilent Prep-C18
column, 5% MeOH in H20, 15 mL/min) as a white solid. 2H-labeled phenethylamine
was not detected by NMR or LCMS.
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CHAPTER 4

Synthesis of Enantioenriched Isotopically-labeled a-
Amino Acids Using a Chiral Aldehyde Receptor in
Conjunction with Isotopically Labeled CO;

4.1 Introduction
Organocatalysis is a useful strategy for the formation C—C and C—X bonds. The 2021

Nobel prize in chemistry was awarded to B. List and D.W.C. MacMillan for the
development of enamine, iminium, and carbonyl catalysis.'®!"!8% Enamine catalysis is
the process which uses amines to activate carbonyl compounds. The mechanism of
enamine catalysis involves condensation of a carbonyl compound (4-a) with an amine
catalyst (4-b) to get an imine (4-¢), which can be converted into an enamine (4-d). The
reaction of this activated enamine (4-d) with an electrophile can proceed to give a
substituted carbonyl (4-f). On the other hand, carbonyl catalysis uses a carbonyl
compound to activate primary amines (4-b) through the formation of imines (4-c) that
can be deprotonated to generate an a-amino carbanion (4-g). Trapping of the carbanion
with an electrophile yields a-functionalized amine product (4-i) upon hydrolysis of the
imine intermediate (4-h) (Fig. 4-1). In general, carbonyl catalysis enhances the

reactivity of the amines a-position without protection and deprotection

manipulations. '8>-186
NH,
R R'
i )\ )R\ © 7 - R Ho T i
enamine
: N R' L,A i L,A E
catalysis %l\ / N \N)\R' )l\/
-a
4-d 4-e 4
H,0 )\ )R\ amines activating
SNTOR carbonyls o
NH,
4-
carbonyl )\ ¢ E* )J\
is R7 "R H
catalysis 4b R )\ R H,0 4-a NH,
NS
)\\N)'\R‘ N’i\R' ~ 7 R/|E\R'
4-g 4-h 4-i

carbonyls activating
amines

Fig. 4-1. Enamine catalysis vs carbonyl catalysis.
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Chiral aldehyde catalysis has been used in organic chemical transformations to
mimic biological carbonyl catalysis, which is exemplified by reactions of
pyridoxal-dependent enzymes.'#%1* The main chiral aldehyde catalysts that have been
used in the asymmetric synthesis of a-amino acids and their derivatives are chiral
pyridoxal-dependent catalysts'**1°® and chiral binaphthol (BINOL) aldehyde catalysts
(Fig. 4-2)."7

N CHO
99

OH
Nl o OH
HN R=H, Me, Et, or Ph
P o 90
Me R
Pyridoxal-dependent catalyst (PLP) Chiral binaphthol (BINOL) aldehyde catalysts

Fig. 4-2. Pyridoxal-dependent catalysis and chiral binaphthol (BINOL) aldehyde catalysis.

An example of using these catalysts was in 2014, when Guo et al. reported the
use of a chiral BINOL aldehyde catalyst in asymmetric a-alkylation of N-unprotected
amino esters via imine activation (Fig. 4-3).!°® The proposed mechanism for this
transformation includes the condensation of chiral binaphthol (BINOL) and dimethyl
2-aminomalonate to form azomethine ylide dipole (I), then the hydrogen of 2'-OH of
(I) complexes with the nitrogen atom of the vinylogous imino intermediate and forms
the transition state (TS I). The azomethine ylide dipole (I) attacks the active
intermediate at the si-face and produces the imine (II). Imine (IT) produces the product

and regenerates the catalyst by hydrolysis, as shown in Fig. 4-3.!%
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A Catalyst (20 mol%) S Ar
CO,Me ! . . . R% =
PY 2 RT OH  3,5-dinitrobenzoic acid (30 mol%) v Z Co,Me
MeO,C”~ “NH, Y CHCl; , 20 °C i ) CO,Me
HN HoN

oo

OH

O

Me
Catalyst

COzMe

CO,Me COzMe 3,5-dinitrobenzoic
)\ amd
MeO:C ?’ pn —H20

o _\

Me COZMe ]
CHO
GO ¢ S iy
[}
OH O{H \
OH o H
\H N\ —
OO OO ~_~ >~ Ph
Me

HoN

- TS| .
MeOZC COZMe
Ph
COZMe OH
CO,Me HN
HN

Fig. 4-3. Asymmetric functionalization of the a-amino ester by chiral binaphthol (BINOL) aldehyde
catalysis.

In 2018, Zhao et al. designed N-quaternized pyridoxals as ideal enzyme mimics
that likely were enabled by enzyme-like cooperative bifunctional activation of the
substrates (Fig. 4—4a) and applied them to asymmetric Mannich reactions of fert-butyl
glycinate with aryl N-diphenylphosphinyl imines (Fig. 4-4b).!”° They proposed that
this catalyst can activate both substrates and, similar to an enzyme, it can orient the
addition by bringing the two reactants together with a specific spatial arrangement. The
proposed catalytic mechanism for the reaction involves condensation of the chiral
pyridoxal catalyst with tert-butyl glycinate to form an aldimine intermediate.

Deprotonation of the a—C—H aldimines generates the active carbanion, which then
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undergoes asymmetric addition to the imine moiety, and subsequent hydrolysis of the
imine forms the a,B-diamino acid ester and regenerate the catalyst, completing a

catalytic cycle, as shown in Fig. 4—4c.!”

a. Designing N-quaternized pyridoxals as ideal enzyme mimics

pyridoxal-dependent aldolase

b. Asymmetric Mannich reactions of tert-butyl glycinate with aryl N-diphenylphosphinyl imines

o]
Catalyst (0.2-1 mol%) Ph 4
, 9 Q NaHCO, prl NH O
eI NN ;
O'Bu AN LPh CHCIy/H,0, 10 °C AN NoBy

c. The proposed catalytic mechanism

Phe
o TNH O

R” Y ~0Bu

e

H 'Bu
~N"oH
CO,'Bu
R

N(O)PPh,

Fig. 4-4. Asymmetric functionalization of the a-amino ester by chiral pyridoxal-dependent catalysis.

Over the past decade, there has been an interest in preparing stereoselective

200

receptors for a-amino acids since they are important building blocks in
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chirotechnology.?*! The main challenge in this area has been developing stereoselective
receptors for a-amino acids, based on simple organic molecules. Kim et al. have
reported the use of chiral binol aldehyde receptors for the inversion of the configuration

202204 and L to D a-amino acid inversion through epimerization

of 1,2-aminoalcohols
of a Schiff base intermediate.’’>2® One of the interesting chiral binol aldehyde
receptors that they have designed is a urea-based binol aldehyde receptor, which can
be used for the inversion of L-amino acids to D-amino acids via Schiff base

intermediate epimerization (Fig. 4-5).
H R Ho oy
N wWH N WR
OO ¥ SO Ve
/ ! N / ! N
OH O KN \© - . 0 O KN @
0 ok 0 o)
(S)-4A-L-Amino acid \\ / (S)-4A-D-Amino acid
L-Amino acik /4&mino acids

HN
OO cHo HN’go
>
983
(S)-4A
a-amino acids D/L ratio a-amino acids D/L ratio
threonine 95/5 methionine 92/8
glutamine 94/6 glutamic acid 92/8
histidine 93/7 serine 92/8
arginine 93/7 leucine 90/10
asparagine 93/7 tryptophan 89/11
tyrosine 92/8 alanine 88/12
phenylalanine 92/8

Fig. 4-5. Epimerization of o-amino acids via urea-based binol aldehyde receptor and the ratios of
[(S)-4A-D-aa] to [(S)-4A-L-aa] at equilibrium.

The urea-based binol aldehyde, (S)-2-hydroxy-2’-(3-phenyluryl-benzyl)-1,1’-
binaphthyl-3-carboxaldehyde ((S)-4A) binds with a-amino acids stereoselectively by
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reversible formation of an imine bond with internal resonance-assisted hydrogen
bonding (RAHB).2” This urea-based binol aldehyde is capable of converting most
proteinogenic L-amino acids to D-amino acids, with an equilibrium ratio (D:L) for the
diastereomers of the imine condensation product ranging from (88:12) for alanine to
(95:5) for threonine, as shown in Fig. 4-5.

In general, the literature methods to prepare isotopically-labeled
enantioenriched a-amino acids depend on the insertion of labeled carbon via classical
methods, followed by resolution. The resolution methods can be carried out by an
enzymatic approach after the insertion of labeled carbon. The enzymatic approach
includes enzymatic kinetic resolution by an acylase enzyme, as shown in Fig. 4—6a.
The acylase enzyme catalyzes the hydrolysis of L-N-acetyl methionine, which allowed
[Ci-!*C]methionine to be obtained in 99.9:0.1 er.!4’'4 Kinetic resolution by acylase
enzyme is specific for a-amino acids that contain hydrophobic groups, such as
methionine and leucine.

The other enzymatic approach utilizes phenylalanine lyase (PAL) enzyme for
stereoselective C—N bond formation, as shown in Fig. 4-6b."*>!53 This enzyme
catalyzes the addition of ammonia to ®-cinnamic acid, resulting in formation of [Ci-
BC]phenylalanine to be obtained in 99.9:0.1 er.!>? The lyase enzyme class is specific
for aromatic a-amino acids, such as phenylalanine, tyrosine, tryptophan, and their
derivatives.'>?

The resolution of racemic amino acids also can be carried out using chiral
auxiliaries for a-alkylation, as shown in Fig. 4—6c¢.!>* This method is specific for
a-amino acids that contain hydrophobic side-chains, such as leucine, valine, and
isoleucine. This method involves the use of a chiral auxiliary derived from Evans’
oxazolidinone imides. Reaction of this chiral auxiliary with n-butyllithium, followed
by butyryl chloride gives the corresponding oxazolidinone in quantitative yield. This
oxazolidinone is deprotonated by sodium bis(trimethylsilyl)amide (NaHMDS) to give
thel24orrespondding sodium enolate. Alkylation of this sodium enolate with
isotopically-labeled methyl iodide ['*C]CH3I installs the isotopic label. Cleavage of the

resultant chiral auxiliary with lithium hydroxide and hydrogen peroxide gives
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(S)-2-methylbutanoic acid. A one-carbon homologation of the resultant carboxylic acid
gives the required a-keto ester. This is followed by biotransformations, using leucine
dehydrogenase (LeuDH) enzyme, reduced nicotinamide adenine dinucleotide
(NADH), and formate dehydrogenase (FDH). This enzymatic transformation promotes
hydrolysis of the ester and reductive amination of the resultant a-keto acid to furnish
[Ci-!3C]isoleucine with 99.9:0.1 er , as shown in Fig. 4—6¢.!>*

Another method to prepare isotopically-labeled enantioenriched a-amino acids
after the insertion of labeled carbon via classical methods is the enantioselective
hydrogenation of enamines with a chiral rhodium (I) catalyst (Fig. 4-6d). This method
is designed to prepare triply isotopically-labeled serine, cystine, and alanine in a
multistep synthetic pathway. 1>

All these methodologies to access enantiomerically pure isotopically labeled a-
amino acids are limited by a narrow substrate scope, multistep procedures, and late-

stage resolution.
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a. Cyanation of electrophiles with "3CN followed by hydrolysis

13
o 1. KT3CN, NH; " _s 13C0,H acylase Me/s\/\BCOZH
Me” SN NF 2. conc HCI € pH 7.0, 37 °C
ool NHCOMe 0, NH,
s 43% yield
99.9:0.1 er

98.5% '3C incorp.

b. Using of C-labeled acetate as a precursor
phenylalanine ammonia

1. Acz0 [ PAL 13
Me'3CO,Na o X SCOH yase(PAL) Ph/\rCOzH
2. PhCHO +
NH, NH,
49% yield
99.9:0.1 er
c. Alkylations with "3CHl
+
7 NHs
HNJ( 1.BuLi, PrCOCI CO.H 4.Ph;PCHCN,EDCI, DMAP /Y-\ca
ol 2 Me 2
\\J\/ 2.NaHMDS, "°CHyl M€ . 5.03, MeOH, DCM 15eH
W 3. LiOH, H,0 CHs 6. leucine dehydrogenase (LeuDH), 8
' reduced nicotinamide adenine 55% yield
dinucleotide (NADH) 99.9:0.1 er
d. Enantioselective hydrogenation of enamines to access enantioenriched a-amino acids
13, H
H 1.D"3CO,Et, NaOEt, 15NDBz 3.((S,S)- E+-DUPHOS-Rh), o : SCoH
1307 EtOD TBDPSO, 150 DCM N, 2¢Z
= —_— CadrE)
Et0,"3C” s 2. TBDPSCI, DM G” T'COzEt 4 TBAF, THF then 6 M HCI &I,
NDBz ' D o\
H
Et 28% yield
99.9:0.1 er

P—.,
Et
Et
P
Et™

(S.S)- Et-DUPHOS

Fig. 4-6. Literature methods to prepare isotopically-labeled enantioenriched a-amino acids.

The preparation of isotopically-labeled enantioenriched a-amino acids remains
difficult and time-consuming, with established methods involving label incorporation
at an early stage of synthesis and resolution at a later stage of synthesis in multi-step
synthesis pathways. Motivated by this methodological gap and the need for
isotopically-labeled enantioenriched a-amino acids for PET imaging and clinical
studies, Section 4.2 describes the development of the synthesis of enantioenriched
isotopically-labeled a-amino acids, using chiral aldehyde receptor in conjunction with

isotopically-labeled COa.
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4.2 Developement of Chiral Aldehyde Receptor Catalyzed
Carboxylate Exchange in a-Amino Acids with Isotopically-
labeled CO:

4.2.1 Discovery and Optimization of the Methodology

The urea-based binol aldehyde receptors are known catalysts for the inversion of
L-amino acids to D-amino acids via shift base intermediate epimerization.?’*2%7 Also,
we know that an achiral aryl aldehyde catalyst can catalyze carboxylate exchange in a-
amino acids (Chapter 3);!? therefore, the big question that arises is about the possibility
of using a chiral aldehyde to induce carboxylate exchange and resolution in a single
synthetic operation. The enantioenriched isotopically-labeled a-amino acids were
accessed after the isotopic labeling of a-amino acids by achiral aryl aldehydes in
Chapter 3 via literature methods, including Ni catalyzed DKR,!”! enzymatic KR,!6%-17°
and chromatographic resolution, as shown in Fig. 4-7.2% Although the isotopic labeling

210 and then resolution methods led to

of a-amino acids by achiral aryl aldehydes
enantioenriched isotopically labeled a-amino acids in three steps, they gave a moderate
yield of the final product, and they worked only with a-amino acids that contain
hydrophobic groups, like methionine and phenylalanine. Therefore, the development
of a direct resolution/carboxylate exchange reaction for a-amino acid labeling via a
single step and for all proteinogenic amino acids and non-natural amino acids would

be the conceptually ideal technology to access enantioenriched isotopically-labeled

o-amino acids.

Ph

Ni-DKR
20 mol% catalyst HoN”T 18CO,H
Ph 3C0, (~ 1 atm, 8 equiv) R
. Ph
Enzymatic KR
H,N™ ~CO,H 40% Cs,CO; HZNJ\”COzH zymati
L DL
DMSO HoN" 13C0,H
catalyst
CHO Chromatographic Ph
O Resolution /(
MeO

FmocHN” "3CO,H

Fig. 4-7. Carboxylate exchange/deracemization strategies.

The urea-based binol aldehyde ((S)-4A) was prepared according to a literature

procedure.” Initially, upon using conditions from Chapter 3,%'° a catalytic amount of
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urea-based binol aldehyde ((S)-4A) gave low er (52:48) and low incorporation, as
shown in Fig. 4-8. This led to considerations about the chiral aldehyde catalyst ((:S)-
4A) as a receptor and the need for using it stoichiometrically with a-amino acids. After
a wide range of screening the chiral aldehyde ((5)-4A) loading, bases, and solvents, we
found that in the presence of 100 mol% urea-based binol aldehyde ((S)-4A) and 200
mol% DBU in DMSO at 70 °C, Cl-resolution/carboxylate exchange in (¥)-
phenylalanine to generate (D)-[Ci-'*C]phenylalanine is observed with 66% *C
incorporation, 66% yield, and 90:10 er when ~4 equivalents of ['3*C]CO: are supplied
(This provides ~4 equivalents (~0.2 mmol) of '*CO2, which would result in an
equilibrium exchange incorporation of ~80%). Fig. 4-8 provides an overview of
experimental parameters important to observing productive o-amino acid
resolution/carboxylate exchange with externally supplied '*CO>. Using 50 mol% urea-
based binol aldehyde ((5)-4A) led to low er (64:36) and lower incorporation. Using
Cs2CO0s3 as a base instead of DBU gave similar er (90:10) and lower incorporation.
Other organic bases, such as DIPEA and TBD gave lower er. Performing the reaction
at 60 °C resulted in similar er to the standard condition but lower incorporation, while
doing the reaction at 80 °C, gave higher incorporation than the standard conditions, and
the er was lower. While the use of the chiral aldehyde receptor ((S)-4A) in a
stoichiometric amount with a-amino acid under standard reaction conditions is needed,
it is technically a catalyst because the bulk of it can be recovered unchanged after
aqueous workup. Under the standard conditions ((5)-4A) can be recovered after the

reaction is completed in 70% isolated yield, as shown in Fig. 4-9.
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e

CHO
OO HN/J§O Ph 100 mol% ArCHO o
13 - i ~N
on j\ CO, (~1 atm, 4.0 equiv) :
o) HoN™ "COoH DBU (2.0 equiv) HZN/\WSCOZH
OO bL DMSO [0.05 M], 70 °C, 24 h
1 dram vial 41
1.0 equiv 1.0 equiv
(5)-4A 0.05 mmol
variation to standard conditions
3Cinc. (%) Y (%) er (D:L)
no change 66 66 90:10
20% of Cat 1 instead of 100% 18 94 52:48
50% of Cat 1 instead of 100% 48 74 64:36
1.2 equiv of Cat 1 instead of 1.0 equiv 64 66 89:11
Cs,COj; instead of DBU 36 74 90:10
DIPEA instead of DBU 24 64 76:24
TBD instead of DBU 71 70 80:20
60 °C instead of 70 °C 46 64 91:9
80 °C instead of 70 °C 78 54 86:14
1.0 equiv of DBU instead of 2.0 equiv 19 69 90:10
3.0 equiv of DBU instead of 2.0 equiv 70 56 90:10

Fig. 4-8. Overview of impact of reaction parameters on the resolution/carboxylate exchange of a-amino
acids.

e

CHO
OO HNAO Ph 100 mol% ArCHO
oH 3C0, (~1 atm, 8.0 equiv) Ph

~
0 HoN™ "COoH DBU (2.0 equiv) HzN/\“cozH
OO bL DMSO [0.05 M],70 °C, 24 h
4 dram vial 41
1.0 equiv 1.0 equiv
(S)-4A 0.2 mmol

Recovery of the chiral catalyst /©
HN
CHO
90 o
. 1.wash with H,O
organic layer oH
2. column chromatography o)

(S)-4A
70% isolated yield

Fig. 4-9. Recovery of chiral aldehyde catalyst.
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4.2.2 Scope of the Methodology

The chiral aldehyde ((5)-4A) mediates resolution/carboxylate exchange in a diverse
range of unprotected a-amino acids, including most proteinogenic substrates and
non-natural variants containing potentially reactive functional groups (Fig. 4-10).
Aliphatic and aromatic a-amino acids can be labelled in 41-88% '*C-incorporation
with >50% yield and up to 90:10 er, including phenylalanine, methionine, alanine,
leucine, tyrosine, and tryptophan (4—1 to 4-6). Basic side-chain groups generally were
well-tolerated to give 60—87% incorporation of label with good enantiomeric ratio (4—
7, 4-8). Unsuccessful examples of this methodology include isoleucine and threonine
(4-9, 4-10). Both isoleucine and threonine gave low incorporation and recovery; in
addition to that, isoleucine does not work under resolution conditions by using chiral
aldehyde ((S)-4A).2%

As shown in Fig. 4-10, the enantioenrichment carboxylate exchange process is
not impeded by various functional groups, as seen in phenylalanine derivatives
containing fluoride, bromide, and iodide groups (4-11, 4-12, 4-13), or azide (4-14),
and nitro (4-15) units.
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100 mol% ArCHO
R 13 - ;
OH CO, (~1 atm, 8.0 equiv) |§
o} HyN™ "COoH DBU (2.0 equiv) HzN/\mCOzH
DL DMSO [0.05 M], 70 °C, 24 h 13 )
4 dram vial % '°C incorp. (% yield),
er
1.0 equiv 1.0 equiv
(S)-4A
a Proteinogenic Amino Acids
0 138
13“ 13|| 13|| 13" - \OH
C< M < M < M C. z
= OH °s 2 ¢ OH e\:/C OH ¢ = OH /©/\N/|-|2
NH, NH, NH, Me NH, HO
41 4-2 4-3 4-4 4-5
88% (52%), 59% (55%), 61% (61%) 41% (64%) 88% (45%),
89:11 90:10 % (61%), % (64%). 84:16
85:15 90:10
Q Q 2 Q
13 13 13
C< HoN < N
7" “OH 2 \n/\_/c OH HZNJJ\/\./C OH
| N N N o/ 130
NH NH, O NH, NH, <10% '3C incorp.
4-9 lle
4-6 4-7 4-8 4-10 Thr
49% (40%), 87% (54%), 60% (45%)"i,
87:13 88:12 85:15
b Non-Proteinogenic Amino Acids
F\©\ Br\@\ I\©\
H H /?\
HN713CO,H HoN""1%C0,H HN™ 1C0H
4-10 412
0, o/ \i 4-11 =
89% (.59 %), 80% (42%) 89% (45%)
89:11 90-10 87:13
NB\@\ OZN\@\ (HO)28\©\
H,N""13CO,H H,N"13CO,H
413 4-14
77% (41%)
90:10

91% (38%)
88:12

H,N""13CO,H

415
59% (15%)’
62:38

Fig. 4-10. A. Chiral aldehyde-catalyzed carboxylate exchange

spectroscopy. [ii] Reaction carried out at 60 °C.

of proteinogenic a-amino acids with
[*C]CO,. B. Scope with non-proteinogenic a-amino acids. [i] Yield determined by 'H NMR
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4.2.3 Enantioenriched Carboxylate Exchange/D-Amino Acid Oxidase
(DAAQO) to Access Isotopically-labeled Enantiomerically Pure
o-Amino Acids

Under the standard reaction conditions, the urea-based binol aldehyde (®-4A),
mediates the Cl-enantioselective carboxylate exchange of phenylalanine and
methionine, generating [Ci-'*C]phenylalanine, [C1-'*C]methionine with 90:10 er. For
potential applications where higher enantiopurity is needed, upgrading the
enantiomeric ratio can be achieved by using an oxidase enzyme. Oxidases are a major
biotechnological interest because they can catalyze the selective oxidation of organic
compounds under mild reaction conditions by using molecular oxygen as an oxidizing

agent.211

D-Amino acid oxidases (DAAO) are interesting examples of this group of
enzymes. They can catalyze the oxidative deamination of a wide spectrum of D-amino
acids to yield their corresponding a-keto acid.?!! Performing the standard reaction for
(¥)-phenylalanine and (+)-methionine, using chiral aldehyde (®-4A) generates the
corresponding isotopically labelled amino acid with up to 90:10 er. The upgrade of this
enantiomeric ratio was achieved by using D-amino acid oxidases (DAAQ) and catalase
in a phosphate buffer to oxidize the minor D-enantiomer, as shown in Fig. 4-11, to
generate the corresponding naturally occurring isotopically-labeled a-amino acid in

99.9:0.1 er, with 48% isolated yield over two steps for phenylalanine and 99.5:0.5 er

with 55% isolated yield over two steps for methionine.
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a. Enantioenriched carboxylate exchange/ D-amino acid oxidase (DAAO) for phenylalanine

B
CHO
OO HNAO Ph 100 mol% ArCHO o
l 1300, (~1 atm, 8.0 equiv)

OH
o HaN™ "COzH DBU (2.0 equiv) HaN" 13 0,H
O DL DMSO [0.05 M], 70 °C, 24 h
8 dram vial 75% NMR yield
1.0 equiv 1.0 equiv 76% '3C incorp.
(R)-4A 0.4 mmol 89:11 er
Ph
DAAO , Catalase Ph
HoN™ 13CO,H air, phosphate buffer, 5 h HoN" 13C0,H
89:11 er 4-1a
64% isolated yield
76% '3C incorp.
99.9:0.1 er
b. Enantioenriched carboxylate exchange/ D-amino acid oxidase (DAAO) for methionine
pe
CHO SMe
OO HN/&O 100 mol% ArCHO SMe
13 - ;
OH CO, (~1 atm, 8.0 equiv)
o HN™ "COH DBU (2.0 equiv) HaN"1300,H
O BL DMSO [0.05 M], 70 °C, 24 h
8 dram vial 77% NMR vyield
1.0 equiv 1.0 equiv 74% '3C incorp.
(R)-4A 0.4 mmol 90:10 er
SMe SMe
DAAO , Catalase
HaN" 13CO,H air, phosphate buffer, 3 h HoN"130,H
90:10 er 4-2a

72% isolated yield
74% "3C incorp.
99.5:0.5 er

Fig. 4-11. Enantioenriched carboxylate exchange/D-amino acid oxidase (DAAO) to access isotopically-
labeled enantiomerically pure a-amino acids. a. for (+)-phenylalanine., b. for (+)-methionine.
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4.2.4 Development of Fast Exchange Conditions to Enable Direct
Radiolabeling of Enantioenriched o-Amino Acids Using [''C]CO;

Modification of the reaction conditions provides some evidence that fast exchange
conditions to enable direct radiolabeling of a-amino acids, using [!!C]COz2, could be
possible. To promote faster reactions, pre-formed imine carboxylates were generated
quantitatively by condensation of a-amino acids with chiral aldehyde ((S)-4A) in basic
MeOH!*¢ and examined as reagents for carboxylate exchange. The best conditions were
by running the exchange at 120 °C for 10 min to get 44% '*C incorporation with 77:23
er, followed by a cool-down to 70 °C for another 10 min to get the equilibrium ratio of

D to L (90:10), 47% incorporation, and 62% NMR yield (Fig. 4-12).

HN/© Phj\

CHO IN CO,Cs

ssal ol
OH J: Cs,CO0j3 (0.5 equiv) O /@
OO (0) H,oN CO,H o

MeOH [0.1 M], 70 °C, 2 h,
DL 1 dram

N
H
1.0 equiv 1.0 equiv
(S)-4A quantitative
Ph
Nj\ 1.13C0O, (~1 atm, 1.1 equiv)
| COCs DBU (2.0 equiv) _Ph
DMSO [0.05 M], 120 °C, 10 min H
P
HaN" 13CO,H
0 HN 2.70°C, 10 min

" .
H (@] 62% NMR yield

47% "3C incorp.
90:10 er

988
Fig. 4-12. Development of fast conditions for enantioenriched carboxylate exchange.

4.3 Summary and Conclusions

In summary, a new strategy is reported for the resolution/isotopic labeling of a-amino
acids mediated by using a urea-based binol aldehyde receptor with conjunction of
[1*C]CO: via reversible decarboxylation/carboxylation event of an imine carboxylate

intermediate. Our developed method provides access to Cl-enantioenriched-labeled
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products in a direct and operationally trivial manner. We also have shown that after
getting C1- enantioenriched labeled a-amino acids, they can be converted readily to
enantiomerically-labeled naturally occurring a-amino acids via D-amino acid oxidase
and catalase. Given the widespread use of enantiomerically-labeled a-amino acids in
discovery science, drug development, and medical imaging, we expect this finding to

have immediate application.

4.4 Procedures and Characterization

General Considerations

Unless noted, all reactions were conducted under an inert atmosphere, employing
standard Schlenk techniques or by the use of an Na-filled glovebox. All glassware was
oven-dried prior to use. Flash chromatography was performed, as described by Still
and co-workers'?® (SiliaFlash P60, 40-63um, 60A silica gel, Silicycle) or by automated
flash chromatography (KP-C18-HS 60g). Analytical thin-layer chromatography was
performed, using glass plates pre-coated with silica (SiliaPlate G TLC - Glass-Backed,
250um, Silicycle). TLC plates were visualized by staining with aqueous acidic
ninhydrin and/or by UV light. NMR spectra ('H, '*C) were obtained on an Agilent
VNMRS 700 MHz, Varian VNMRS 600 MHz, Varian VNMRS 500 MHz, or Varian
VNMRS 400 MHz spectrometer. The chemical shifts are given as parts per million
(ppm) and were referenced to the residual solvent signal (CDCIs: 8H = 7.26 ppm, 6C =
77.06 ppm) (DMSO-de: H = 2.49 ppm, 6C = 39.50 ppm) (Acetone-ds: OH = 2.04 ppm,
5C =29.80 ppm) (MeOH-d4: 8H = 3.30 ppm, 5C = 49.00 ppm). HRMS analyses of '*C
labelled compounds were performed on an Agilent Technologies 6220 0aTOF
instrument (ESI, APPI, APCI) in positive or negative ionization mode. Crude LC-MS
analyses of '*C labelled compounds were performed on an Agilent Technologies 1260
system with G6130B MSD single quadrupole MS (ESI) in positive or negative
ionization mode, using a Phenomenex Kinetex C8 column (2.1 x 50 mm, 1.7 pm
particle size) or a Phenomenex Luna Omega C18 Polar column (2.1 x 50 mm, 1.6 um
particle size) in reverse-phase. Chiral HPLC analysis was accomplished on an Agilent
Technologies 1100 system with an Astec Chirobiotic-T column (4.6 X 100 mm, 5 pm

particle size) under reverse-phase conditions. Preparative HPLC was accomplished,
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using an Agilent 1260 Infinity system under reverse-phase conditions (Agilent Prep-
C18 column, 21.2 x 150 mm, 10 um particle size). Unless otherwise noted, quantitative
'THNMR yields were determined from crude reaction mixtures, using
3-(trimethylsilyl)-1-propanesulfonic acid (DSS) as an internal standard. Unless
otherwise noted, all reagents were obtained from commercial vendors (Sigma-Aldrich,
Combi-Blocks, Alfa Aesar, Acros, and TCI) and used as supplied. ['*C]CO2 (99.0 atom
% '*C) and anhydrous DMSO were purchased from Sigma-Aldrich.

General Procedures and Characterization

General Procedure A for optimization: In an atmosphere-controlled glovebox,
DL-'?C-phenylalanine (0.05 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (26.9 mg, 0.05
mmol, 1.00 equiv.), DBU (149 uL, 0.2 mmol, 2.0 equiv.), and sodium
trimethylsilylpropanesulfonate internal standard (DSS) were added sequentially to a 1-
dram vial charged with a stir bar, followed by the addition of anhydrous DMSO (1.0
mL). The vial was sealed with a PTFE-lined cap and removed from the glovebox. The
reaction headspace was evacuated on a Schlenk line (~300 mtorr), using a 25-gauge
needle. The vial headspace was carefully refilled with 15 psi ['*C]CO2 through the
PTFE-lined cap with a 25-gauge needle until the internal pressure reached ~1 atm
(requires 2060 s, depending on the pressure of the ['*C]CO: tank). This provides ~4
equivalents (~0.2 mmol) of ['*C]CO2, which would result in an equilibrium exchange
incorporation of ~80%. The vial cap was sealed with parafilm and electrical tape, and
the reaction was stirred at the corresponding temperature in an aluminum block until
completion of the reaction (24 h). To determine the percent recovery of the amino acid,
a small aliquot (~5 pL) of the reaction was placed in 0.70 mL DMSO for calibrated 'H
NMR analysis, using DSS as the reference signal. A small aliquot of the reaction (~5
pL) was placed in 1.0 mL of 1:1 MeOH:H20/0.1% HCO:2H for LC-MS analysis to
determine the crude '*C% incorporation of the amino acid. The reaction mixture was
quenched at the corresponding temperature with 1 mL of 2 M FA and then diluted with
H20 (5 mL). The aqueous layer was washed with DCM (5 x 5 mL) and was lyophilized
to remove the H20. The er% was obtained through chiral HPLC analysis of the

products.
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General Procedure B for scope studies: In an atmosphere-controlled glovebox,
amino acid (0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.20 mmol,
1.00 equiv.), DBU (59.6 uL, 04 mmol, 2.0 equiv.), and sodium
trimethylsilylpropanesulfonate internal standard (DSS) were added sequentially to a 4-
dram vial charged with a stir bar, followed by the addition of anhydrous DMSO (4.0
mL). The vial was sealed with a PTFE-lined cap and removed from the glovebox. The
reaction headspace was evacuated on a Schlenk line (~300 mtorr), using a 25-gauge
needle. The vial headspace was carefully refilled with 15 psi ['*C]CO2 through the
PTFE-lined cap with a 25-gauge needle until the internal pressure reached ~1 atm
(requires 2060 s, depending on the pressure of the ['*C]CO> tank). This provides ~8
equivalents (~1.6 mmol) of *COz, which would result in an equilibrium exchange
incorporation of ~85%. The vial cap was sealed with parafilm and electrical tape, and
the reaction was stirred at 70 °C in an aluminum block until completion of the reaction
(24 h). To determine the percent recovery of the amino acid, a small aliquot (~5 pL) of
the reaction was placed in 0.70 mL DMSO for calibrated 'H NMR analysis, using DSS
as the reference signal. A small aliquot of the reaction (~5 pL) was placed in 1.0 mL
of 1:1 MeOH:H20/0.1% HCO2H for LC-MS analysis to determine the crude '*C%
incorporation of the amino acid. The reaction mixture was quenched at 70 °C with 1
mL of 2 M FA and then diluted with H20O (5 mL). The aqueous layer was washed with
DCM (5 x 5 mL) and was lyophilized to remove the H20O. Then, the crude mixture was
dissolved in a minimum a mount of H20, loaded to a flash chromatography column
(KP-C18-HS 60 g), and purified by reverse phase chromatography (2%-5% MeCN in
H>0). The er% was obtained through chiral HPLC analysis of the products. The *C%
incorporation was obtained through high resolution mass spectrometry (HRMS)

analysis of the isolated products.
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Specific Experimental Details and Product Characterization Data

4-1 Prepared according to the general procedure B from DL-'?C-phenylalanine
(33.0 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.2 mmol, 1.00
equiv.), and DBU (59.6 uL, 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
mixture was allowed to stir for 24 h. 'TH NMR yield: 61%. Isolated in 52% yield, er:
88:12, 88% '*C incorporation (HRMS) as an off-white solid after purification by
preparative-HPLC (Agilent Prep-C18 column, 2.5% MeOH in H20, 25 mL/min).
THNMR (D20, 500 MHz) & 7.40-7.38 (m, 2H), 7.35-7.32 (m, 1H), 7.30~7.29 (m, 2H),
3.93 (m, 1H), 3.23 (brs, 1H), 3.09 (brs, 1H);
13C NMR (D20, 125 MHz) § 175.3, 136.2, 130.3, 130.0, 128.6, 56.9 (d, J = 56.2 Hz),
37.5;
HRMS (ESI): calcd. for Cs['*C]H10NO2 [M-H]: 165.0751. Found 165.0751;
Chiral HPLC: 89:11 er. Determined on Astec Chirobiotic-T column (60% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t- = 9.6 min (minor), t: = 10.6 min (major).

MeS\/\j/;g\OH
NH,

4-2 Prepared according to the general procedure B from DL-'?C-methionine
(29.8 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((5)-4A) (107.7 mg, 0.2 mmol, 1.00
equiv.), and DBU (59.6 uL 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
mixture was allowed to stir for 24 h. '"H NMR yield: 74%. Isolated in 55% yield, er:
90:10, 59% '*C incorporation (HRMS) as an off-white solid after purification by
reverse phase column chromatography (5% MeCN in H20).
TH NMR (D20, 500 MHz) 8 3.91-3.94 (m, 1H), 2.71 (t, J = 7.4 Hz, 2H), 2.25-2.30
(m, 1H), 2.16-2.20 (m, 4H);
I3C NMR (D20, 125 MHz) § 175.2, 54.7 (d, J = 53.3 Hz), 30.6, 29.8, 14.9;
HRMS (ESI): calcd. for C4['*C]H10NO2S [M-H]: 149.0471. Found 149.0470;
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Chiral HPLC: 90:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H>0 with 0.02% HCO:2H, 0.5 mL/min), t- = 10.3 min (minor), t- = 13.2 min (major).

o

Me 13(5'\
Y ToH

NH,

4-3 Prepared according to the general procedure B from DL-!>C-alanine (17.8
mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.2 mmol, 1.00
equiv.), and DBU (59.6 uL 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
mixture was allowed to stir for 24 h. 'H NMR yield: 61%. er: 85:15, 61% "*C
incorporation (LCMS).
Chiral HPLC: 85:15 er. Determined on Astec Chirobiotic-T column (60% MeOH in
H>0 with 0.02% HCO:H, 0.5 mL/min), t- = 10.3 min (minor), t = 12.1 min (major).

O

M 136\
© OH

Me NH,

4-4 Prepared according to the general procedure B from DL-!>C-leucine (26.2
mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.2 mmol, 1.00
equiv.), and DBU (59.6 uL, 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
mixture was allowed to stir for 24 h. 'H NMR yield: 64%. er: 90:10, 41% "*C
incorporation (HRMS).
HRMS (ESI): caled. for Cs['*C]H12NO2 [M-H]: 131.0902. Found 131.0908;
Chiral HPLC: 90:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.3 mL/min), t- = 17.9 min (minor), t = 21.8 min (major).

4-5 Prepared according to the general procedure B from DL-!>C-tyrosine (36.2
mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.2 mmol, 1.00
equiv.), and DBU (59.6 pL, 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
mixture was allowed to stir for 24 h. '"H NMR yield: 66%. Isolated in 45% yield, er:
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84:16, 88% '*C incorporation (HRMS) as an off-white solid after purification by
reverse phase column chromatography (2% MeCN in H20).

'H NMR (D20, 500 MHz) & 7.08-7.10 (d, J = 82 Hz, 2H), 6.76-6.78
(d, J=8.2 Hz, 2H), 3.62 (brs, 1H), 2.99 (brs, 1H), 2.84 (brs, 1H);

13C NMR (D20, 125 MHz) § 180.0, 158.4, 131.7, 127.8, 117.4, 58.1 (d, J = 52.9 Hz),
38.9;

HRMS (ESI): calcd. for Cs['*C]H10NO3 [M-H]: 181.0700. Found 181.0671;

Chiral HPLC: 84:16 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t: = 9.6 min (minor), t: = 10.8 min (major).

Q
13
QT\:/C\OH
NH,

NH

4-6 Prepared according to the general procedure B from DL-!>C-tryptophan
(40.8 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.2 mmol, 1.00
equiv.), and DBU (59.6 pL, 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
mixture was allowed to stir for 24 h. 'TH NMR yield: 56%. Isolated in 40% yield, er:
87:14, 49% '3C incorporation (HRMS) as an off-white solid after purification by
reverse phase column chromatography (5% MeCN in H20).
"H NMR (D20, 500 MHz) & 7.80 (d, J = 8.4 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.74
(brs, 1H), 7.33-7.36 (m, 1H), 7.25-7.28 (m, 1H), 4.11-4.13 (m, 1H), 3.5-3.57 (m, 1H),
3.37(dd, J=15.5, 8.2 Hz, 1H);
13C NMR (D20, 125 MHz) & 175.4, 137.3, 127.6, 125.9, 123.1, 120.4, 119.4, 112.9,
108.4, 56.1 (d, J=53.4 Hz), 27.4;
HRMS (ESI): calcd. for Cio['*C]H11N202 [M-H]: 204.0860. Found 204.0861;
Chiral HPLC: 87:13 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t- = 10.6 min (minor), t = 11.9 min (major).

(e}

HzN\n/\j/sE\OH

O NH,
4-7 Prepared according to the general procedure B from DL-'?C-asparagine

(26.4 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.2 mmol, 1.00
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equiv.), and DBU (59.6 pL, 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
mixture was allowed to stir for 24 h. 'TH NMR yield: 61%. Isolated in 54% yield, er:
88:12, 87% '*C incorporation (HRMS) as an off-white solid after purification by
reverse phase column chromatography (2% MeCN in H20).

'TH NMR (D20, 500 MHz) & 4.04-4.08 (m, 1H), 3.01 (dt, /= 16.9, 4.2 Hz, 1H), 2.91
(dd, J=16.9, 7.7 Hz, 1H);

I3C NMR (D20, 125 MHz) 6 174.3, 52.4 (d, J = 53.4 Hz), 35.6;

HRMS (ESI): calcd. for C3['*CJH7NO3 [M-H]: 132.0496. Found 132.0496;

Chiral HPLC: 87:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t: = 11.5 min (minor), t- = 13.8 min (major).

o) o)
13

HzN)l\/\./C\OH
NH,

4-8 Prepared according to the general procedure B from DL-'?C-glutamine
(29.2 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.2 mmol, 1.00
equiv.), and DBU (59.6 uL, 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
was stirred at 60 °C for 24 h. The reaction mixture was quenched at 60 °C with 1 mL
of 1 M HCI then diluted with H20O (5 mL). The aqueous layer was washed with DCM
(5 x 5 mL) and was lyophilized to remove the H2O. '"H NMR yield: 45%, er: 84:16,
60% '3C incorporation (HRMS).
HRMS (ESI): calcd. for C4['*C]HoN203 [M-H]": 146.0652. Found 146.0654;
Chiral HPLC: 84:16 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t- = 11.5 min (minor), t = 13.8 min (major).

4-11 Prepared according to the general procedure B from
DL-'2C-4-fluorophenylalanine (36.6 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde
(($)-4A) (107.7 mg, 0.2 mmol, 1.00 equiv.), and DBU (59.6 pL, 0.4 mmol, 2.0 equiv.)
in DMSO (4.0 mL). The reaction mixture was allowed to stir for 24 h. "H NMR yield:
59%, er: 89:11, 89% '3C incorporation (HRMS).
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HRMS (ESI): calcd. for Cs['*C]HoFNO2 [M-H]: 183.0656. Found 183.0655;
Chiral HPLC: 89:11 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t: = 9.3 min (minor), t: = 10.3 min (major).

4-12  Prepared according to the general procedure B  from
DL-'2C-4-bromophenylalanine (48.8 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-
4A) (107.7 mg, 0.2 mmol, 1.00 equiv.), and DBU (59.6 uL, 0.4 mmol, 2.0 equiv.) in
DMSO (4.0 mL). The reaction mixture was allowed to stir for 24 h. 'H NMR yield:
51%. Isolated in 42% yield, er: 90:10, 80% '*C incorporation (HRMS) as an off-white
solid after purification by preparative-HPLC (Agilent Prep-C18 column, 2.5% MeCN
in H20, 15 mL/min).

'"H NMR (D20, 500 MHz) 6 7.59 (d, J = 7.4 Hz, 2H), 7.25 (d, J = 7.4 Hz, 2H), 3.65
(brs, 1H), 3.1 (brs, 1H), 2.97 (brs, 1H);

3C NMR (D20, 125 MHz) & 181.3, 137.7, 132.4, 132.2, 120.9, 58.1 (d, J = 53.5 Hz),
40.2;

HRMS (ESI): calcd. for Cs['*C]HoNO:["*Br] [M-H]": 242.9856. Found 242.9851;
Chiral HPLC: 90:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t: = 10.6 min (minor), t: = 11.7 min (major).

4-13 Prepared according to the general procedure B  from
DL-'?C-4-iodophenylalanine (58.2 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde
(($)-4A) (107.7 mg, 0.2 mmol, 1.00 equiv.), and DBU (59.6 pL, 0.4 mmol, 2.0 equiv.)
in DMSO (4.0 mL). The reaction mixture was allowed to stir for 24 h. "H NMR yield:
48%. Isolated in 45% yield, er: 87:13, 89% '*C incorporation (HRMS) as an off-white
solid after purification by reverse phase column chromatography (2% MeCN in H20).
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'H NMR (D20, 500 MHz) 8 7.84 (d, J = 7.8 Hz, 2H), 7.16 (d, J = 7.8 Hz, 2H), 3.99—
4.02 (m, 1H), 3.25-3.29 (m, 1H), 3.11-3.15 (m, 1H);

3C NMR (D20, 125 MHz) 6 175.1, 138.9, 135.9, 132.3, 93.4, 56.8 (d, J = 54.3 Hz),
37.1;

HRMS (ESI): calcd. for C3['*C]HoNO-I [M-H]: 290.9717. Found 290.9714;

Chiral HPLC: 87:13 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:zH, 0.5 mL/min), t- = 10.9 min (minor), t = 12.1 min (major).

4-14 Prepared according to the general procedure B  from
L-'2C-4-azidophenylalanine (41.2 mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((:S)-4A)
(107.7 mg, 0.2 mmol, 1.00 equiv.), and DBU (59.6 pL, 0.4 mmol, 2.0 equiv.) in DMSO
(4.0 mL). The reaction mixture was allowed to stir for 24 h. 'H NMR yield: 59%.
Isolated in 41% yield, er: 90:10, 77% '*C incorporation (HRMS) as an off-white solid
after purification by preparative-HPLC (Agilent Prep-C18 column, 2.5% MeCN in
H20, 15 mL/min).

"H NMR (D20, 500 MHz) 6 7.34 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 8.2 Hz, 2H), 3.68
(brs, 1H), 2.99-3.11 (m, 1H), 2.9-2.95 (m, 1H);

13C NMR (D20, 125 MHz) & 182.7, 139.1, 135.7, 131.7, 119.9, 58.5 (d, J = 53.5 Hz),
40.8;

HRMS (ESI): calcd. for Cs['*C]HoN4O2 [M-H]: 206.0765. Found 206.0763;

Chiral HPLC: 90:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t- = 10.7 min (minor), t: = 12.2 min (major).

4-15 Prepared according to the general procedure B  from
DL-'2C-4-nitrophenylalanine (0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7
mg, 0.2 mmol, 1.00 equiv.), and DBU (59.6 uL, 0.4 mmol, 2.0 equiv.) in DMSO (4.0
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mL). The reaction mixture was allowed to stir for 24 h. "H NMR yield: 45%. Isolated
in 38% yield, er: 88:12, 91% '*C incorporation (HRMS) as an off-white solid after
purification by preparative-HPLC (Agilent Prep-C18 column, 2.5% MeCN in H20, 15
mL/min).

'"H NMR (D20, 500 MHz) 8 8.31 (d, J = 8.5 Hz, 2H), 7.59 (d, J = 8.5 Hz, 2H), 4.05—
4.08 (m, 1H), 3.41-3.44 (m, 1H), 3.29-3.34 (m, 1H);

BCNMR (D20, 125 MHz) § 174.7, 148.01,144.6, 131.4, 125.01, 56.5 (d, J = 52.6 Hz),
37.5;

HRMS (ESI): calced. for Cs['*C]HoN204 [M-H]": 210.0601. Found 210.0600;

Chiral HPLC: 88:12 er. Determined on Astec Chirobiotic-T column (60% MeOH in
H20 with 0.02% HCO:zH, 0.5 mL/min), t- = 10.2 min (minor), t- = 11.1 min (major).

Recovery of Chiral Aldehyde Catalyst

Ns
soube

OH
988

Prepared according to the general procedure B form DL-'>C-phenylalanine (33.0
mg, 0.20 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (107.7 mg, 0.2 mmol, 1.00
equiv.), and DBU (59.6 puL, 0.4 mmol, 2.0 equiv.) in DMSO (4.0 mL). The reaction
mixture was allowed to stir for 24 s. The reaction mixture was quenched at 70 °C with
I mL of 2 M FA then diluted with H2O (5 mL). The aqueous layer was washed with
DCM (5 x 5 mL). The combined organic layers were washed with H20O (3 x 5 mL),
dried over Na2SOs, filtered, and concentrated. Isolated in 70% as a yellow solid after
purification by normal phase column chromatography (7% EtOAc in DCM).
"H NMR (d¢-DMSO, 500 MHz), 6 10.30 (s, 1H), 10.22 (s, 1H), 8.61 (s, 1H), 8.60
(s, IH), 8.50 (s, 1H), 8.09-8.11 (m, 1H), 8.05 (d, J = 9.2 Hz, 1H), 7.94
(d, /J=8.2 Hz, 1H), 7.61 (d, J= 9.2 Hz, 1H), 7.20-7.45 (m, 11H), 6.96-7.05 (m, 4H),
6.60 (d, J=8.2 Hz, 1H), 5.13 (s, 1H);
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13C NMR (ds-DMSO, 125 MHz), § 196.9, 154.1, 152.9, 152.3, 139.6, 139.5, 137.9,
136.9, 136.6, 133.3, 130.1, 130.0, 129.7, 128.9, 128.7, 128.5, 128.1, 127.2, 126.6,
124.5, 124.3, 124.0, 123.6, 122.7, 121.8, 120.2, 118.1, 117.6, 117.5, 117.4, 116.8,
115.7,70.1;

HRMS (ESI): calcd. for C3sH27N204 [M+H]"™: 539.1965. Found 539.1973.

Kinetic Data for DL, L, D Phenylalanine under Standard Reaction Conditions

HN” :
CHO
OO HN/&O Ph 100 mol% ArCHO Ph
\/@ l 13¢0, (~1 atm, 8.0 equiv) N

OH

o) HN™ "COzH DBU (2.0 equiv) HN""13C0,H
OO DMSO [0.05 M], 70 °C, 24 h 13
1 dram vial D-*C
1.0 equiv 1.0 equiv
a. DL-phenylalanine b. L-phenylalanine
Time Recovery  3C inc. (%) er Time Recovery  13C inc. (%) er
2h 85 17 78:22 2h 92 19 66:34
6h 84 41 84:16 6h 82 36 84:16
24 h 57 72 92:8 24h 58 67 85:15

c. D-phenylalanine

Time Recovery  13C inc. (%) er
2h 89 16 91:9
6 h 86 40 92:8
24 h 62 7 90:10

The  experiment followed the general procedure A, using
DL-'"?C-phenylalanine, L-'>C-phenylalanine, D-!2C-phenylalanine respectively
(8.3 mg, 0.05 mmol, 1.0 equiv.), chiral aldehyde ((S)-4A) (53.9 mg, 0.1 mmol,
1.00 equiv.), DBU (14.9 uL, 0.1 mmol, 2.0 equiv.), and (DSS) in DMSO (1.0 mL). The
reaction mixtures were sampled at 2 h, 6 h, and 24 h. To determine the percent recovery
of the amino acid, a small aliquot (~10 pL) of the reaction was placed in 0.70 mL D20
for calibrated 'H NMR analysis, using DSS as the reference signal. To determine the

% '3C incorporation, a small aliquot of the reaction (~5 uL) was placed in 1.0 mL of
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1:1 MeOH:H20/0.1% HCO:2H for LC-MS analysis. To determine er, a small aliquot of
the reaction (~10 pL) was placed in 1.0 mL of 0.1% HCO:H in H20 for chiral HPLC
analysis. Above is the representation of data for DL, L, D Phenylalanine at different

time points.
Chiral Resolution of Amino Acids by DAAO
L-phenylalanine (4-1a)

pe
CHO
OO HNAO Ph 100 mol% ArCHO on
\/@ j\ 3C0O, (~1 atm, 8.0 equiv)

OH
o} HoN™ "CO,H DBU (2.0 equiv) HoN"13c0,H
OO DL DMSO [0.05 M],YIO °C,24h
8 dram vial 4-1ab
1.0 equiv 1.0 equiv 75% NMR yield
(R)-4A 0.4 mmol 76% '3C incorp.
89:11 er

Prepared according to the general procedure B from DL-'?C-phenylalanine
(66.0 mg, 0.40 mmol, 1.0 equiv.), chiral aldehyde ((R)-4A) (215.4 mg, 0.4 mmol, 1.00
equiv.), and DBU (119.2 pL, 0.8 mmol, 2.0 equiv.) in DMSO (8.0 mL). The reaction
mixture was allowed to stir for 24 h. '"H NMR yield: 75%. Isolated in 43% yield, er:
90:10, 76% '*C incorporation (HRMS) as an off-white solid after purification by
preparative-HPLC (Agilent Prep-C18 column, 2.5% MeOH in H20, 25 mL/min).

Ph
DAAO , Catalase Phl

HaN™ 13CO,H air, phosphate buffer, 5 h HN" 13co,H
4-1a
64% isolated yield
76% '3C incorp.
>99% ee

89:11 er

4-1a [C1-"*C]phenylalanine Step 2. Adapted from a literature procedure.’!! In
an 8-dram vial charged with a stir bar was added 4-1ab (0.17 mmol). This was followed
by the addition of catalase bovine liver (170 mg, 2000-5000 units/mg protein) and a
solution of D-amino acid oxidases (DAAO) from porcine kidney (7.0 mg, >1.5
units/mg protein) in phosphate buffer (1.7 mL). The reaction mixture was stirred at
room temperature for 5 h and then concentrated in vacuo. The aqueous layer was

lyophilized subsequently to remove the water. Isolated in 64% yield (18.0 mg), 76%
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3C incorporation (HRMS), >99% ee after purification by preparative-HPLC (Agilent
Prep-C18 column, 5% MeOH in H20, 30 mL/min) as a white solid.

THNMR (D20, 500 MHz) 6 7.42-7.38 (m, 2H), 7.37-7.32 (m, 1H), 7.31-7.28 (m, 2H),
3.99-3.94 (m, 1H), 3.30-3.23 (m, 1H), 3.09 (dd, J = 14.5, 8.1 Hz, 1H);

13C NMR (D20, 125 MHz) 8 173.6, 135.0, 129.4, 129.2, 127.8, 56.0 (d, J = 56.2 Hz),
36.3;

HRMS (ESI): calcd. for Cs['*C]H10NO2 [M-H]: 165.0751. Found 165.0751;

Chiral HPLC: >99 ee. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t: = 9.6 min (major), t- = 10.6 min (minor).

1. L-methionine (4-1a)

e

CHO SMe
OO HN/gO 100 mol% ArCHO SMe
13 N .
OH CO, (~1 atm, 8.0 equiv)
o HoN™ "CO,H DBU (2.0 equiv) HN" 130 0,H
O DL DMSO [0.05 M],70 °C, 24 h
8 dram vial 77% NMR yield
1.0 equiv 1.0 equiv 74% '3C incorp.
(R)-4A 0.4 mmol 90:10 er

Prepared according to the general procedure B from DL-!C-methionine
(59.6 mg, 0.40 mmol, 1.0 equiv.), chiral aldehyde ((R)-4A) (215.4 mg, 0.4 mmol, 1.00
equiv.), and DBU (119.2 uL, 0.8 mmol, 2.0 equiv.) in DMSO (8.0 mL). The reaction
mixture was allowed to stir for 24 h. "H NMR yield: 77%. Isolated in 42% yield, er:
90:10, 74% '3C incorporation (HRMS) as an off-white solid after purification by
reverse phase column chromatography (5% MeCN in H20).

SMe SMe
DAAO , Catalase 5\
HaN™ 13co,H air, phosphate buffer, 3 h HoN"13C0,H
90:10 er 4-2a

72% isolated yield
74% '3C incorp.
99% ee
4-2a [C1-"*C]-methionine Step 2. Adapted from a literature procedure.?!! In an

8-dram vial charged with a stir bar was added 4-1ab (0.17 mmol). This was followed
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by the addition of catalase bovine liver (170 mg, 2000—-5000 units/mg protein) and a
solution of D-amino acid oxidases (DAAO) from porcine kidney
(7.0 mg, >1.5 units/mg protein) in phosphate buffer (1.7 mL). The reaction mixture was
stirred at room temperature for 3 h and then concentrated in vacuo. The aqueous layer
was lyophilized subsequently to remove the water. Isolated in 72% yield, 74% '*C
incorporation (HRMS), 99% ee after purification by reverse phase column
chromatography (5% MeCN in H20).

'H NMR (D20, 500 MHz) § 3.91-3.94 (m, 1H), 2.71 (t, J = 7.4 Hz, 2H), 2.25-2.30
(m, 1H), 2.16 — 2.20 (m, 4H);

I3C NMR (D20, 125 MHz) 6 175.2, 54.7 (d, J = 53.3 Hz), 30.6, 29.8, 14.9;

HRMS (ESI): calcd. for C4["*C]H10NO2S [M-H]: 149.0471. Found 149.0473;
Chiral HPLC: 99 ee. Determined on Astec Chirobiotic-T column (70% MeOH in H20
with 0.02% HCO2H, 0.5 mL/min), t: = 10.3 min (major), t- = 13.2 min (minor).

Spectral images

A. HP LPLC Chromatograms

Chiral HPLC: 89:11 er. Determined on Astec Chirobiotic-T column (60% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t: = 9.6 min (minor), t: = 10.6 min (major).
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VWD1 A, Wavelength=205 nm (2022 10\0DEY_LC 2022 10-05 10-18 21\0B-07-DL PHENYLALANINE D)

0| g 3
i = E
200-|
250
200
150-|
100{
- T T T T T T
8 k] 10 11 12 min
] I Iz
File Information * Time Area Height Width AreaZ Symmelbry
LC-File | OB-07-DLPHENYLALANINE.D [T ] 9615 5497.8 | 3578 | 0.2232 | 49664 | 0802
File Path | C\CHEM32A1\DATAVZ022 10NDDEY_LC 20221 0-05 10-8-21% [z | osss S5723 | 3201 | 0O75kz | 5033 | 0628
Date |050ct22. 11:27:42
S ample | cb-07-DLpl
Sample Infa
Barcode
Operator | Odey
Method | C6_AZB2_60E_205NM_0.SMPM.H
Analysis Time | 22 833 min
Sampling Rate [0.0012 min (0,072 sec), 18956 datapoints
VWD A, Wave length=205 nm (2022 10WDEY_LG 2022-10-05 10-18-21\0B-07-181-D)
s
.
2
-
-20
a0
T T ; r ; |
8 8 10 11 12 min
] | 2]
File # Time Area Height Width _ Area% Symmetry
LC-File [ 0B-07-181-0 1 9587 | 2916 | 133 [ 01323 [ 11224 | 0733
File Path | C:A\CHEM32V1\DATAN2022.10VODEY_LE 20221005 1018214 2 | 105M4 | 265 | 1297 | 0255 | oege | o0& |
Date |05-0ct-22, 11:08:37
Sample | ob-07-181-
Gample Info
Barcode
Operator | Odey
Method | C6_AZEZ_B0E_Z05NM_0.SMPM.M
Analysis Time [ 16,939 min
S ampling Fete | 0001 2 min [0.072 sec]. 14011 detapoints
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“OH

NH,
Chiral HPLC: 85:15 er. Determined on Astec Chirobiotic-T column (60% MeOH in
H>0 with 0.02% HCO:zH, 0.5 mL/min), t- = 10.3 min (minor), t- = 12.1 min (major).

VWD1 A, Wavelength=205 nm (2022,09\0DEY_LC 2022-08-08 08-51-59\DL-ALA D)

12.100

220

240

260

280

-300

320

85 10 105 11 15 12 125 13 min

File # Time Area Height Width __ AreaX Symmetiy
LCFie [DLALAD [T 103e | 2254 | 1083 | 0345 | 49805 | 054 |
File Path | CACHEM3231\DATAN2022 D9,0DEY_LC 2022.09-06 0851634 2] 121 | z=n7 | ES] | o3ss [ 50135 [ &% |
Date |06-Sep-22. 09:53:45
Sampie |Didla
S ample Info
Baicode
Operator | Odey
Method | CB_A2B2 G0B_Z05NM_O.5MPH b
Analysis Time | 15.958 min
Sampling Rate | 0.0012 min (0,072 sec), 13186 datapoints

VWD A, (1C o

T
25 10 10.5 17 1.5 12 125 13 13.5min

File # Time Area Height Width AleaX  Symmetry
LC-File | 0B-071538.D [T 1033 | 155 [ 55 03401 | 14963 | 0726 |
File Path | C:\CHEM3241\DATA\2022 09,0DEY_LC 2022-09-05 08-51-55% 2] 1eze [ mos | 54 03414 | 85031 | 1.002 |
Date | 06-5ep-22, 031146
S ample | OB-07-1530
Sample Info
Barcode
Operalar | Odey
Method | CF_42B2_60B_205NM_0.5MPM M
Analysis Time | 19557 min
Sampling Rate | 0.0012 min (0072 sec). 16482 datapoints
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M 136\
© OH

Me NH,
Chiral HPLC: 90:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in

H20 with 0.02% HCO:zH, 0.3 mL/min), t- = 17.9 min (minor), t- = 21.8 min (major).

m @ M‘Repom {None) ESRlW K2 i VD14, Wavele...9-08\DL-EU2.D) = g \%‘ Q N A PR B e

[ VWD A, Wavelength=205 nm [2022.1110DEY_LC 2022-11-21 16-18.08\BLLEU2.0}
mal | S

1.881

B A

75|

25

File " Time Area Height Width  Area% Symmetry
LCFile [DLLEUZD [ 17gmr [ 72z | 189 | oeza_ | 48507 | 194 |
File Path | C:\CHEM32AT\DATAN2022.11VODEY_LC 2022-11-21 16-19-08% [2] =28 | 751 [ 188 | oa73s | w4 [ 1913 |
Diste | 21-Nov-22, 191321
Sample | DLleu
Sample Info
Baicode
Operator | Odey
Method | C6_A2B2_708_205NM_0.IMPM.M
Analysis Time | 30 min
Sampling Rate | 0.0012 min (0,072 sec). 24726 datapoints

T F— T - S N N e e e e

VAWD1 A, Wavelength=208 nm {2022.11/0DEY_LC 20221121 16-19-08'0B-08-19-AFRAC12 C1.D)

-:«m{
221 ,
aaz—
2|

235}

336 ‘ W v u

File Information * Time Area Height Width __ AreaZ Symmetry
LCFile [ OB-08-194FRACTZ C1.0 [T 1esss | 193 [ 9E-1 [ 03888 9576 0.44
File Path | CACHEM3241ADATAN2022 1150DEY_LC 2022-11-21 16-13-08% IR | 52 | odsB4 | wndzs | 118 |
Diate | 21-Now-22, 170802
Sample | 0B-08-15-a4rac13-0.3
S ample Info
Barcode
Operator | Odey
Method | C6_AZB2_70B_205NM_0.3HPM.M
Analysis Time | 29 356 min
Sampling Fiate | 00012 min [0.072 sec], 24723 datapaints
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HO

Chiral HPLC: 84:16 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), tr = 9.6 min (minor), t: = 10.8 min (major).

VWD1 A, Wavelength=205 nm (2022.11\0DEY_LC 2022-11-14 05-244T\DL-TYROSINE.D)

mal z
- =
0| @
] El
o
0|
20—
20;
10;
0]
s T T T T T T T
85 9 9.5 10 10.5 1 1.5 12 12.5 min
[] I ]
File # Time Area Height Width  AreaX Symmetry
LC-Fie [DLTYROSINE D [T ] 9es4 [ 1mes | 64.4 | IPER 43983 | 0723
File Fath | CACHEM32\1\DATAV2022 1150DEY_LC 2022-11-14 D3-24-47% [z 7078 | imaz | 546 | n2me | somi7 | 0633 |
Date [14-Hov-22, 13:26:21
Sample | DLotyiosine
Sample Info
Bacode
Opeiator | Odey
Method | CE_AZE2_70B_205NM_D.5MPM.M
Analysis Time | 13.957 min
Sampling Rate | 0.0012 min (0,072 sec). 16482 datapoints
VWD1 A Wavelength=206 nm (2022 11\ODEY_LC 2022-11-14 08-24-47\0B-07-187-B-0)
mal | 2
=l
70|
&0
=0
-
= 2
2 o
10—
o]
T T y T T ) T : T
85 9 95 10 105 11 15 12 12 &min
(B G
File ] Time: Area Height Width _ AreaX Symmetry
LCFile | OB-07-197-8-D1 [T ] 886 [ 273 | 173 | oz [ 15701 | 0715 |
Fie Path | C:\CHEM32414DAT 432022, 1140DEY_LC 2022-11-14 09-24-47 | 2| 1ose [ 14:3 | 776 | o2ra1 [ eazss [ o8 |
Date | 14Nov-22, 100855
Sample | 0B-07197b-
Sample Info
Barcode
Operator | Odey
Method | C6_A282_70B_205NM_0.SMPM.M
Analysis Time | 15.998 min
S ampling Fiate | 0.0012 min (0072 sec), 13187 datapoints
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Chiral HPLC: 87:14 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:zH, 0.5 mL/min), t- = 10.6 min (minor), t- = 11.9 min (major).

VWD1 A, Wavelength=205 nm (2022 11'ODEY_LC 2022-11-04 10-47-55\0L-TRF.D)
mal | 2
o] .
E ]
400;
LWO—-
200
100—-
o
- T T T T T T T
H 10 1 12 13 18 15 min
(] I o]
File 3 Time Area Height Width __ AreaX Symmetry
LCFie [DLTRP.D [7 ] 7oees | ss01 | bsan2 | (02486 | 49736 | 0853
File Path | C:\CHEM3241DATAY2022.1140DEY_LC 2022-11-04 10-47-55 2] msu | 90248 | 4516 | 0295 | S0264 | 0634 |
Date | 04-Nov-22, 11:28:28
Sample | ditip
Sample Infa
Earcode
Operator | Odey
Method | C6_A2E2_708_205NM_0.5HPM.M
Analysis Time | 18 min
S ampling Fate | 0.0012 min (0,072 sec). 14836 datapoints
VWD1 A, Wavelength=205 nm (2022.11\ODEY_LC 2022-11-04 10-47-56V0B-07-197-A-
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’®h
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P
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T T T T T T T
2 10 11 12 12 14 15 min
[« I 0]
File # Time Area Height Width __ Area% Symmetry
LC-File [ OB-07-1974-0 [T 1 106w [ 28083 | 163 | o283 [ 13160 [ 0753
Fie Fath | CACHEM32W\DATANI022 118ODEY_LC 2022-11-04 10-47-554 | 2] mm7 | 186186 | 936 | 03299 | 86840 | 0756 |
Date [04Hov-22, 11:0852
Sample [ob-07-157-4-
S ample Info
Barcode
Operator | Odey
Method |CB_42B2_708_205NM_0.GMPH.M
Analysis Time |17.996 min
Sampling Rate [0.0012 min (0.072 sec), 14833 datapaints
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MeSv\ﬁC\OH
Hy

Chiral HPLC: 90:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H>0 with 0.02% HCO:zH, 0.5 mL/min), t- = 10.3 min (minor), t- = 13.2 min (major).

=i

WVWD1 A, Wavelength=205 nm (2022 10VODEY_LC 2022-10-24 05-28-52\DL-METHIONINE- D)

13.226

File Information # Time Area Height Width __ Area% Symmetiy
LCFile | DLMETHIONINE-D [ ] w25z | 46611 | 2867 02307 | 49340 | 1551
File Path | C\CHEM32VI\DATAV2022.10\ODEY_LC 2022-10-24 0926521 2 132 | eee2z | 2239 03471 | 50080 | 1.23%
Date | 24-0ct-22, 10:12:07
Sample | DL Methianine-
Sample Infa
Barcode
Operator | Odey
Method | C6_A2B2_708_205NM_0.SMPM.M
Analysis Time | 18 356 min
S ampling Rate | 0.0012 min (0,072 sec). 15657 datapaints

WWD1 A, Wavelength=205 nm (2022.1010DEY_LC 2022-10-24 05-28-52'08-07-191-C-D)

200 -
250-|

200-|

100-|

10.185

File & Time Area Height Width AreaZ  Symmehiy
LCFie | OB-07-191-C-D [ ] to1es [ 1mi3a | 507 | 0243 | 10286 | 0766 |
File Path | C:\CHEM3241\DATA\2022.10MODEY_LC 2022-10-24 03-28-52% 2] 71345 [ ema2f | 395 | 0406 | 83714 | 0525 |
Date | 24-0ct-22, 10:33.13
Sample | ob 07191 C-
Sample Infa
Baicode
Opesator | Odey
Method | C6_AZB2_708_205NM_O.5MPMM
Analysis Tinve | 18.997 min
S ampling Fiate | 0.0012 min [0.072 sec], 16658 datapoints
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Chiral HPLC: 87:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t- = 11.5 min (minor), t- = 13.8 min (major).

VWD A, Wavelength=205 nm (2022.11\0DEY_LC 2022-11-14 14-03-45\DL-ASPARGININE D}

o

E

=]
E
AP I P ST (T W TN (N

13.789

g

125

2
8

=3
&

8

M
&

o

0
10 17 12 12 14 15 18 min

File Information ] Time Area Height Width __ Area% Symmetry
LC-File [DLASPARGININE.D [T ] 1ram 35606 | 1879 [ 02743 | 43951 | 1641
File Path | CACHEM32\1\DAT A\2022.11\0DEY_LC 2022 1114 1403454 2 t1a7ea 3ETE | 1538 | 0343 | 60043 | 0706
Date | 14Nov-22 14:05.23
Sample | DL-Asparginine
Sample Info
Baicode
Operator | Odey
Method | CE_42B2_70B_206MM_0.GMPM.M
Analysis Tine | 17.96 min
Sampling Rate | 0.0012 min [0.072 secl, 14833 datapaints

VD1 A, Wavelength=205 nm (2022.11/0DEY_LC 2022-11-14 14-03-45\0B-08-19-B-FRACZ.D)

i

25|

20-

El
I
11246

T
10 1 12 12 14 15 18 min

File Information # Time Area Height Width __ Area% Symmelry
LC-File [0B-0819-B-FRACZD! [T ] mzs [ 1238 ] 62 | o023 [ 12388 [ o088 |
File Fath | CACHEM3241WDATANI022 11M0DEY_LC 2022-11-14 1403454 | 2| 1388 | 874 | 371 | oaiss | s7eiz |05 |
Date [14Hov-22,142515
Sample | ob-08-13 bhac2
Sample Info
Bacode
Operator | Odey
Wethod | CE_A2B2_708_205NM_D.5MPM.
Analysis Time | 18 min
Sampling Aste | 0.0012 min [0.072 sec), 14836 datapoints
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Chiral HPLC: 84:16 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H>0 with 0.02% HCO:zH, 0.5 mL/min), t- = 11.5 min (minor), t- = 13.8 min (major).

WWD1 A, Wavelength=205 nm [2022.1110DEY_LC 2022-11-18 14-31-47\DL-GLUTAMINE-.D}

mAl | 2

12,777

File

Time

Area

Height

Width

AreaX  Symmetry

LCFile

OL-GLUTAMINE-D

25623

1387

0.2621

[ 66213 | 1854

File Path

CACHEM3241DATAY2022,1150DEY_LC 2022-11-1614-31-47%

]
[T 1 1osme |
2 [ 12777 |

19959

7.5

0.2927

[ 43787 | 1148

Date

1B-Now-22,15:13:33

Sample

Sampie Info

DL-Glutamire-

Barcode

Operator

Odey

Methad

C6,_A2B2_70B_205HM_OEWPM M

Analysis Time

18 min

Sampling Riate

0.0012 min (0,072 sec). 1483 dataponts

i Jul LB |5 | Report:  MNome)

ESIW Wi

VW14, Wavele.. 47\08-08-250) v B [|ER|GL | [ A [ A4 R ) S gl

[ VWD1 A, Wavelength=208 nm (2022.11\0DEV_LC 2022-11-16 14-31-4T\0B-08-25.D)

25-|

20|

13

File

Time

Area

Width

Height

Area¥ Symmetry

LC-File:

0B-08-250

¥
[T o6 ]
2

1675

76

0.3677

[ 15808 [ 0733 |

File Path

CACHEM3ZAADATAV2022 11VODEY_LC 2022-11-16 14-31-47%

[IEEEEEI|

B85.1

332

0444

[ 84031 [ om1E |

Date

16-Hov-22. 145338

Sample

0b-08-25

Sample Info

Barcode

Opeistor

Odey

Method

CE_A2B2 70B_205NM_0.5MPM.M

Analysis Time

18 min

S amping Fate

0.0012 min [0.072 ec), 14836 dalapaints
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F
Chiral HPLC: 89:11 er. Determined on Astec Chirobiotic-T column (70% MeOH in

H20 with 0.02% HCO:H, 0.5 mL/min), tr = 9.3 min (minor), t: = 10.3 min (major).

VWDT A, Wavelength=205 nm (2022.10V0DEY_LC 20221007 11-04-42\DL4 F-PHE.D)

ma | ] )

350 @6}'
&

10327
a,

200-|

2850-|

£5 9

T
12min

File

Time

Area

Height

Width

Area% Symmetry

LC-File

DL-4-F-PHE.D

"
1]
z

9.325

5154

/46

[ o242z

File Path

CACHEM3ZAVADATAA2022 1 WO DEY_LC 20221007 11-04-424

10327

171.2

353

[

[ 45917 | 0982
0762

| 50083 |

Date

07-0ct-22, 11:06:35

Sample

di4Fphe

S ample Info

Barcode

Operstor

o

Method

[=]

oy
 A2B2 708 205MM_0.5MPM.M

Analysis Time

333 min

Sampling Rate

0.0012 min (0,072 sec), 13187 datapoints

{None)

JM @ M ‘ Report: _5 —l = | B i VWD1A, Wavele...\0B-07-1838.0) |z d H&‘%| Q ﬂ [\/] Q] M PSS P e

[ VWD A, Wavelength=205 nm (2022.10'0DEY_LGC 2022-10-07 11-04-42/0B-07-183-B.D)

08,

o

o
o

&

T
12min

File Inf

Area

Height

Width

Area% Symmetry

LC-File

0B-071838.D

il

2.4

[ 02483

[ 11298 T 0819 |

File Path

CACHEMIZVINDATAN022 10VODEY_LC 2022-10-07 11-04-424

24463

1443

| 02s3

| =885 | orir |

Date

07-0ct-22, 11:24:43

Sample

ob-07-183b

Sample Info

Barcode

Operator

Odey

Method

C5_A202_70B_205HM_0.5MPM.M

Analsis Time

15358 min

5 ampiing Fiate

0.0012 min [0.072 sec]. 13185 datapoints
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Br
Chiral HPLC: 90:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in

H>0 with 0.02% HCO:zH, 0.5 mL/min), t- = 10.6 min (minor), t- = 11.7 min (major).

VWD1 A, Wavelength=205 nm (2022, 10/0DEY_LC 2022-10-28 09-48-29\DL-4-BR PHENYLALANINE1.D)

Tp03
11851

T
95 10 10.5 L4l 15 12 125 min

File
LCile | DL4BR PHENYLALANINET.D [
File Path | CACHEM32\1ADATAN2022 1050DEY_LC 2022-10-28 09-48-29% ‘
Diate | 2500122, 035023
Sample | DL-4-B1 pheryldlaring
Sample Info
Barcade
Operator | Ocey
Method | 6, A252_7UE_205HM_D.5HPM .M
Analysis Time | 18 min
S ampling Fiate | 0.0012 min (0072 sec], 14636 datapaints

Time Area Height Width  Area% Symmetry

[ 1oe03 200676 | T101§ 02752 | 43331 | 0575 |
| nem 206118 | 10308

02973 | 50669 | OB7B |

| = |2

WWD1 A, Wavelength=205 nm (2022, 10\0DEY_LC 2022-10-15 10-57-31'0B-07-187-B-FRAC32.0)
mal |
140 |
120:
150;
BO;
e
0 &
] S
] &
20 | E‘é
o]
1 T T T T T T
o5 10 105 1 115 12 125 win
(] [v]
File ] Time Area Height Width __ AreaX Symmetry
LCFile [ OB-07-187 B-FRAC320 [T s [ 382 ] 188 [ aom7 [ aese | o713
Fie Path | C:\CHEM3241DATAN2022. 10\0DEY_LC 2022-10-15 10-67-31 2] 1raes | 2516 | 1ama | 03304 | 0762 | 0606 |

Date |15-0ct-22, 13:46:35
Sample | 0B-07-167 trfrac32
Sample Inio
Barcode
Operator | Odey
Method | C6,_A252_705_205HHM_O05MPM M
Analysis Time | 12.996 min
Sampling Fiate | 0.0012 min (0,072 secl. 10712 datapoints
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Chiral HPLC: 87:13 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t- = 10.9 min (minor), t = 12.1 min (major).

WVWD1 A, Wavelength=205 nm (2022.11100EY_LC 2022-11-16 15-42-47\DL-&--PHENTALANIE.D)

mall 5
120-| =}
- 8
o
100 |
20—
o
e
20|
o
L T T T T T T T T T
10 10.5 1 15 12 125 13 135 14 min
] I |
File * Time Area Height Width __ Area% Symmetiy
LC-File | DL-4-PHENYALENIE.D 1] 1087 | 22381 | 122 | ozre [ 4374z | o6e3 |
File Path | CACHEM3231\DATANI0Z2 T1MODEY_LC 2022-11-16 15-42-47% 2 | 12135 | zas | 1047 | 03192 | 50258 | 0624 |
Dale |16 Nov-22, 15,4842
Sample | DL-41-phenyalarie
Sample Info
Barcode
Operator | Odey
Method | C6_AZB2_708_205NM_D.SMEM.M
Analysis Time | 18 min
S ampling Rate | 0.0012 min (0.072 sec], 14836 dalapoints
VWD1 A, Wavelength=205 nm (2022 11\ODEY_LC 2022-11-18 15-42-47\0B-08-25.0)
mal 5
200 o
175
150~
125
100-]
75
1 3
] 3
E El
25|
; T T T ; T ; T T
10 108 11 115 12 1258 13 138 14 min
o7 | 2]
File ] Time: Area Height Width _ AreaX Symmetry
LCFile [0B0825D [t ] wosss | esz8 | 341 | oo7es [ 130%2 | oem |
File Path | CACHEM32415DATAN0ZZ TIAODEY_LC 2022-11-16 15-42-47% [ 2] 1209 | 4%es | 2017 | 0354 | 86968 | 0603 |
Date [16-Nov-22, 160442
Sample | ob07-187-b
S ample Info
Baicode
Operator | Ddey
Method | C6_A2B2_708_205NM_05MPH.H
Analysis Time | 17.996 min
Sampling Rate [ 0.0012 min (0,072 sec), 14833 datapoits
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N3
Chiral HPLC: 90:10 er. Determined on Astec Chirobiotic-T column (70% MeOH in
H>0 with 0.02% HCO:zH, 0.5 mL/min), t- = 10.7 min (minor), t- = 12.2 min (major).

VWD1 A, Wavelength=254 nm (2022 10\ODEY_LC 2022-10-20 12-14-17\DL-4-N3-PHE(OB-07-185C).D)
]
8 3
o
T T T T T T T
k-] 10 11 12 13 14 min
o ] 5]
File Information # Time: Area Height Width __ Area% Symmetiy
LC-File [ DL-4-H3-PHE(DB-07-189C).0 [* ] mwwme [ eoas | 44 [ 02719 [ a7.0e6 | 0685
File Path | C:\CHEM3241\DATAN2022 10VODEY_LC 202210-20 121417 2] 12188 | azs | 405 | 0mm | 5293 | o6 |
Date [20-0ct22, 121615
Sample | DL-4-H3 phelab-07-189c]
S ample Info
Barcode
Operator | Odey
Msthod | CE_AZB2_70B_254NM_0.EMPR.M
Analysis Time | 18 min
Sampling Rate | 0.0012 min (0,072 sec), 14836 datapoints
VWD1 A, Wavelength=254 nm (2022.10V0DEY_LC 2022-10-20 12-14-17\0B-07-187-C.0)
mad ]
s
ol
-
ZCI;
s
2
10-| o
. /\
’ T T T T T T T
k-] 10 1 12 13 14 min
(E] ]
File Information " Time Area Height Width  AreaX Symmetry
LC-File [0B-07187C.D [T 1w T 1me | 75 | ozes [ a7e0 | 0716
File Fath | C\CHEM32\1\DATAN2022 10V0DEY_LC 2022-10-20 12-14-17% [z 1zies [ 1201 | 565 | 0365 | 8020 | 0686
Date | 20-0ct22. 12:36:22
Sample | 0B-07-187c
Sample Info
Barcode
Operator | Ocey
Wethod | CF_A282_70B_254NM_0.SMPR.M
Analysis Time | 18,937 min
Sampiing Rate | 0.0012 min (0072 sec), 15658 datapoints

160



O,N

Chiral HPLC: 88:12 er. Determined on Astec Chirobiotic-T column (60% MeOH in
H20 with 0.02% HCO:H, 0.5 mL/min), t- = 10.2 min (minor), t: = 11.1 min (major).

i [ U [ | Report:  Mione) |25 (& S &} vwD1A, Wavele...OPHLIZATION.D) = 5”&'\-}5\ R AN R L el PR

I VWD A, Wavelengin=208 nm (2022 101ODEY_LC 20221007 05-05-40DL4 NO2PHE AFTER LYOPHLIZATION 0]

mal g
- 5 re"@
300 | S
250;
250:
150 -|
WO;
o
o]
- T T T T T T T T
85 10 105 11 118 12 1258 min
(B . 1]
File Information ] Time: Area Height Width __ AreaX Symmetry
LCFile | DL-4-NOZPHE AFTER LYDPHLIZATION D [ ] wiss | 52443 | 3077 | 0284 | 50344 | 077
Fie Path | C:\CHEM32414DAT 232022, 10W0DEY_LC 2022-10-07 03-05-40% 2] mam | =wvae | 2643 | 0363 | 496% | 0534 |
Date | 07-0ct-22, 10:1356
Sample | DH-ND2phe after lpophlization
Sample Info
Barcode
Operator | Odey
Method | C6_A282_B0B_205NM_0.5MPM.M
Analysis Time | 23 min
S ampling Fate | 0.0012 min (0,072 sec), 19957 datapoints
VWD1 A, Wavelength=20% nm (2022.10\0DEY_LC 2022-10-07 03-05-40\0B-07-182-A D}
mAl | 2 '\,@“’
e
120-|
100 |
80|
f0-
- o
40 3 4\.\:\
i 5
20|
T T T T T T T T
85 10 10.5 11 115 12 125 min
G i ]
File Information " Time Area Height Width __ Area% Symmetry
LC-Fie [OB-07-1834.0 [P toa0s [ 312 ] 224 | o2ees [12143 [ 07
File Fath | C\CHEM32\1\DATAN2022 1050DEY_LC 2022-10-07 03-05-40% [z noms | 2612 | 1356 | 03211 | eresl | 0631 |

Date |07-0c1-22. 054047
Sample | ob 071832
Sample Info
Barcode
Operslor | Odey
Method | C6_AZBZ GUB_Z06HM_0.5MPM.M
Analysis Time | 30.997 min
S ampling Fate | 000 2 min (0072 sec], 26548 datapoints
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B. 'H and '3C spectra

bpactamtt & Chaiatsr, Saits of Abarta
OpenVnmr]

ibds, Get 10 2022

; - S s
o e oy 0.0 - 0.0 Tate
nor-te:
438,119 Mix HL 1D in 2o (sef. Lo extesnal scatene § 2223 ppm)
tar 26.3 € = actumd tams - 7.0 €, sutondd prove
|
v .}‘ J M
8 7 6 5 4 2 1
e i
s 0
385 g
an s
Departimwat of Chemistey, Univecsity of Alberta
Recorded ni 4800, Get 102003 fwesp 414 e s : [y
OpenVnmr) Pulse Sequence:  sdpad fpitel he 13445 lete 512
[ p—
125,486 MAx CLI(H1) 1D 4n @20 (sef. to sxternsl acstons 8 31.07 ppal
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University of Albarta
5971.08
© 0.09 er m

Department of Chemistry,
ivas, wew 1a 2022

OpenVnmr]

498,119 Maz H1 1D in d20 (ref. to axtarnal acetons § 2.225 ppa)
—

0B-07-197-2
temp 26.9 € =» actusl tesp = 27.0 €, autosd

| ! I
|
Pl \ |
JAVWAY N A J L— lk W A
T T T
8 7 6 5 4 3 2 1 ppm
o i o —
s = = 0
8 3 5 B
LI s S A
Files ! »
Departaant of Chamistry, Univessity of Albarta
us00, Wev 14 2022 —— 1 )
OpenVnmrJ s2pu 2 10078 s000
oaay, an-o7-137-8
125 566 Mix €1301]) 10 1 @20 (rar. to axtarnal aceteca § 31.07 peat
Gamp 217 € » Ackual famp = 1.0 €, corddunt probe
HO'

T
60
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Dapartwant of Chamistry, University of Albesta

uso0, Wev 4 3032 o ol soon.ez [ . e
OpenVnmrJ - ermans i 0.09 e .
Oday, ob-07-197-a
439,708 Ma B 10 ln dle (ef. Lo axtereal acetons § 2.225 ppm]
tanp 27.7 € => sctual teap = 27.0 €, colddual probe
Q
|3C
Qw/y_ o
NH NH,
T e ; - : ; e ; ; : ; :
8 7 6 5 4 3 2 1 ppm
T 4 T T
2 & oo 2 e
2 & 838 3 25
S 8 add A ]
Files 1600/ bome 2/ Lem st ! n
bepartmant of Chemistry, University of Albarta
026 1.0 sz

OpenVnmr] e diiigr e B

Oday, ob=07-197-a
135,685 MHa CL3{H1]
tap 27.7 € =» actual tesp = 27.0 €, colddual probe

RD in dio {sef. to estersal acetene § 31.07 ppm)

Pile: /mnc/d605/hem Lem
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Dapartwant of Chamistry, University of Albesta

fo1 Sr: uS00, Det 23 2022 oo

OpenVnmr) g s .

Oday, ob=07-191-c
499,788 MHx I 1D in dio (ref. to external acetans § 2.225 ppa)
tap 27.7 € <> actual tesp = 27.0 €, colddual probe

5008, 62

L3
TR

q
134
[ENANC
NH,
i l H _ - L
— ' . - . — . — — . .
8 7 6 5 4 3 2 1
3 3
k “
fiies it e L DATA YRR SO ERVICE Ok . "
Department of Chemistry, University of Albarta
OpenVnmr] Fulse Sequence: sdpul igitel Res. o.26 “per mmt 1138 w2
odey, ab-o07-181-6
125,496 Nix C1(RL] 1D in d2o (<af. to axtasnal acetons § 31.07 ppm)
Lanp 27.7 € > 4ctudl temp = 27.0 €, coldduei probe
Q
MeS gy
NH,
1
\
[r— YRR ATRTIT VTS ettt i el ok
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Dapartwant of Chamistry, University of Albesta

uB00, Wev 15 2022 5008, 62
w1: 0.0

Gday, ob-08-13-h-after_nsc_col
499,788 MHa I 1D in dio (ref. to external acetans § 2.225 ppa)
tap 27.7 € <> actual tesmp = 27.0 €, colddual probe

s): 3
TR

0

o0
HzN\r(\/C\OH
O  RNH,
|
I l}
" LE— I ) W J T T, E— ——
T - : T — T — . - T : T - - -
8 7 6 5 4 3 2 1 ppm
o o
e ee
Files ! ' —_— , n \ 1
Department of Chemistry, University of Albarta
OpenVnmrJ - Sequence:  adgal i v 0.2 240.76 sz
day, ob-08-13-5
135,685 MHa CR3(HI) 3D in die (saf. te axtesnal apetens 8 35.07 ppm)
et 27.7 € -> sctual temp - 27.0 €, colddual prape
Q
13,
HzN\n/\/C\OH
O NH,
N
: A, s A
RAsasanasavaRARCEAIS I S cs REassasasavarareoNCERIES
60 40 20

220 200 180 160

File:
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Dapartwant of Chamistry, University of Albesta

OpenVnmrJ L e T

Oday, ob=07-187-b

499,788 MHx I 1D in dfo (rel. to externsl acetans § 2.225 ppa)
tap 27.7 € <> actual tesmp = 27.0 €, colddual probe

o o [ER— S
a = - oo
] 3 £ S A
o o “ A oA

File: 4608/t

S —
OpenVnmr] szpe g
otay, s-cnasna
b igl

337838

1
104.79

avis: L
000

) 1D in a2 (raf. to axtaraal acetons @ 31.07 ppm)

wal temp = 27.0 €, colddual probe

1

A
/©/\/C‘0H
NH
Br 2
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\ . |
o S Wi e oty p g g o ot J'\h,_-uw.w\.u' [T W S

EEmEmEmammsl
20 PPm

Pile: /mnc/d605/home?
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Dapartwant of Chamistry, University of Albesta
u500, Oek 18 2022 0 5008, 62
. EREsAT w1: 0.0

OpenVnmr)

Oday, ob=07-187-a
499,788 MHx I 1D in dio (ref. to external acetans § 2.225 ppa)
tap 27.7 € <> actual tesp = 27.0 €, colddual probe

— 1 "I\ f
L \ I | | I .‘”
A.;r.v._.l..__._,‘ RN B L N et (SR T A \«-M_,,.,
8 7 [ 5 4 3 2 1 Ppm
. . Tk
3 3 E: 23
o o S
Department of Chemistry, University of Albarta
Bty ptrel R 0.2 e sty 109,49 a2

OpenVnmr)

Oday, ob-07-187-a
135,685 MHx C13{H1] 1D in dio (zef. to extersal acetene § 31.07 ppm)
temp = 27.0 €, colddual probe

tanp 27.7 € = actual

o
130
~oH
\ NH,

ea—— “vww«m MW«MWWWWWMMM

R o e e R T T
180 160 140 80 60 40

120

Files /x
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Depastment of Chemistry, University of Albwrts

OpenVnmr] o o

Sueep Width( 003,62
FRESAT - r 0.8

= Sequence i Rt
Oday, ob=07-187-c

439,788 MHx L 1D in dfo {ref. to external acetons § 2.223 ppm)
tang 27.7 € =» actusl temp = 27.0 €, colddusl proba

File:

Dapartwant of Chamistry, University of Albesta
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CHAPTER 5
Conclusions and Future Work

5.1 Conclusions

Isotopically labeled drugs have attracted great attention in drug discovery programs
due to their wide applicability and usage in all stages of drug development,*-> however,
incorporation of an isotope into drug molecules remains difficult and time consuming.
This thesis describes the development of reversible decarboxylation/carboxylation
reactions of stabilized carboxylic acids and their derivatives to prepare isotopically-
labeled carboxylic acids. Through careful pilot studies, reaction optimization, and
mechanistic probes, the aryl aldehyde catalyzed carboxylate exchange of native a-
amino acids with *CO2 (* = 14, 13, 11) was discovered. Subsequent work revealed that
a chiral aldehyde receptor can mediate the resolution/carboxylate exchange of native
a-amino acids with *COz.

The work presented in Chapter 2 explored the direct reversible
decarboxylation/carboxylation of stable organic acids in a polar aprotic solvent to
enable incorporation of labeled ['*C]CO2. We have utilized this finding to develop a
new strategy for the isotopic labeling of electronically activated carboxylic acids with
isotopically-labeled ['*C]COz, based on a reversible decarboxylation/carboxylation
event of stabilized carboxylates. While there are many robust methods for the labeling
of carboxylic acids with labeled carbon *C (* = 14, 13, 11), they often need either
chemical activation-decarboxylation-metalation-carboxylation sequences mediated by

transition metals,' >3

indirect nucleophilic substitution reactions with labeled cyanide
followed by hydrolysis,’® or the introduction of labeled carbon monoxide in place of
CO».'">116 The work presented in Chapter 2 has enabled simple, direct protocols for
isotopic exchange of carboxylic acids with ['*C]COz. Isotopically labeled carboxylic
acids and their derivatives were prepared in high chemical and isotopic yield by simply
supplying ['*C]COz to carboxylate salts in polar aprotic solvents.

The work presented in Chapter 3 explored the carboxylate exchange of a-amino

acids with *COz (* = 14, 13, 11) catalyzed by aryl aldehydes to give access to Cl1-
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labeled a-amino acids in a direct and operationally trivial manner. a-Amino acids are
among the essential chemical building blocks of life.!**!* Isotopically labeled a-amino
acids and their derivatives have widespread use in structural and mechanistic
biochemistry,'4’ quantitative proteomics,'*! absorption distribution metabolism and
excretion (ADME) profiling,'**!** and as imaging agents in positron emission
tomography (PET) techniques.'#*'4¢ While there are robust methods to prepare of *C1-
a-amino acids (* = 14, 13, 11), established methods involve label incorporation at an
early stage of synthesis, are time consuming, and require multistep synthesis.'*’"'>* Our
developed method granted access to Cl-labeled products in a one pot strategy. Given
the widespread use of labeled a-amino acids in discovery science, drug development,
and medical imaging, we expect these findings to have immediate application.
Productive catalysts must have balanced electrophilicity to enable carboxylate
exchange without being irreversibly consumed in the process. Mechanistic studies
indicate that the reaction likely proceeds via the trapping of *COz by imine-carboxylate
intermediates to generate aminomalonates that are prone to monodecarboxylation. The
identification of the potential intermediate has allowed for the rapid and late-stage 'C-
radiolabeling of a-amino acids in the presence of [!!C]CO> through pre-generation of
the imine carboxylate intermediate.

The work presented in Chapter 4 has explored the resolution/isotopic labeling
of a-amino acids mediated by a urea-based binol aldehyde receptor in conjunction with
['*C]CO: via a reversible decarboxylation/carboxylation event of imine carboxylate
intermediate. The method described in Chapter 3 provided racemic isotopically labeled
a-amino acids; however, the proteins are consist of homochiral amino acids/peptides.

While there are some methods for the synthesis of enantioenriched isotopically-
labeled a-amino acids with labeled carbon *C (* = 14, 13, 11), these methods involve
the insertion of labeled carbon via classical methods such as cyanation/hydrolysis
reactions using [''C]JCN-,'*® and alkylation with [''C]CH3I,'*” which are followed by
resolution methods. The resolution methods include enzymatic resolution,'*’"'#° the use

4

of chiral auxiliaries for a-alkylation or o-amination,'”* and enantioselective

hydrogenation of enamines.'*> To the best of our knowledge, the work presented in
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Chapter 4 has explored the first example of resolution/carboxylate exchange of
a-amino acids with *CO2 (* = 14, 13, 11). This process is catalyzed by a chiral
urea-based binol aldehyde receptor to give general access to Cl- enantioenriched

labeled a-amino acids in one pot strategy.

5.2 Future Work

The work described in this thesis provides a foundation for isotopic labeling of
carboxylic acids and a-amino acids with labeled carbon *CO2 (* = 14, 13, 11). The
most promising reaction platform for the expansion of these methodologies is to exploit
isotopic labeling in the context of asymmetric catalysis further.

The resolution/carboxylate exchange of o-amino acids with *COz
(*=14,13,11), catalyzed by a chiral urea-based BINOL aldehyde receptor, as
described in Chapter 4, includes the report of optimized reaction condition, the scope
of most proteinogenic oa-amino acids, and some non-natural variants containing
potentially reactive functional groups. Other necessary understanding and expansion of
the scope to include more non-natural variants of the process are yet to be explored
fully. The process is thought to be similar to the carboxylate exchange of a-amino acids
with *CO2 (* = 14, 13, 11), catalyzed by achiral aryl aldehydes to give general access
to the Cl-labeled products, described in Chapter 3. The stereoselectivity observed
requires further kinetic and mechanistic experiments for efficient understanding of this
New process.

The work described in Chapter 4 on the resolution/carboxylate exchange of
a-amino acids with *CO: (* = 14, 13,11) provides access to enantioenriched
isotopically-labeled a-amino acids in one single step. Although a good enantiomeric
ratio was achieved in this process, the development of a new chiral aldehyde that can
lead to enantioselective isotopically-labeled o-amino acids would be the ideal
methodology (Fig. 5—1a). Another approach to access isotopically-labeled homochiral
a-amino acids would be to use the chiral aldehyde described in Chapter 4, followed by
adding D-amino acid oxidases (DAAQO) and catalase in situ, which will eliminate the
need of purifying the product after the labeling step, then subjecting it to the enzymatic
oxidation conditions by DAAO (Fig. 5-1b).
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Fig. 5-1. Future directions to access enantiomerically pure isotopically labeled a-amino acids.

175



REFERENCES

1. Blakemore, D. C.; Castro, L.; Churcher, I.; Rees, D. C.; Thomas, A. W.; Wilson, D.
M.; Wood, A. Organic synthesis provides opportunities to transform drug discovery.

Nat. Chem. 2018, 10 (4), 383-394.

2. Dias, D. A.; Urban, S.; Roessner, U., A historical overview of natural products in
drug discovery. Metabolites. 2012, 2 (2), 303-336.

4. Lovato, K.; Fier, P. S.; Maloney, K. M., The application of modern reactions in large-
scale synthesis. Nat. Rev. Chem. 2021, 5 (8), 546-563.

5. Campos, K. R.; Coleman, P. J.; Alvarez, J. C.; Dreher, S. D.; Garbaccio, R. M.;
Terrett, N. K.; Tillyer, R. D.; Truppo, M. D.; Parmee, E. R., The importance of synthetic
chemistry in the pharmaceutical industry. Science 2019. 363 (6424), eaat0805.

6. Grygorenko, O. O.; Volochnyuk, D. M.; Ryabukhin, S. V.; Judd, D. B., The
symbiotic relationship between drug discovery and organic chemistry. Chem. Eur. J.
2020. 26 (6), 1196-1237.

7. Horien, C.; Yuan, P., Focus: drug development: drug development. Yale. J. Biol.

Med. 2017, 90 (1), 1-3.

8. Hughes, J. P.; Rees, S.; Kalindjian, S. B.; Philpott, K. L., Principles of early drug
discovery. Br. J. Pharmacol. 2011, 162 (6), 1239-1249.

9. Microdose Radiopharmaceutical Diagnostic Drugs: Nonclinical —Study
Recommendations https://www.fda.gov/regulatory-information/search-fda-guidance-
documents/microdose-radiopharmaceutical-diagnostic-drugs-nonclinical-study-
recommendations(Accessed Jan 4, 2023).

10. Elmore, C. S., The Use of Isotopically Labeled Compounds in Drug Discovery. In

Annu. Rep. Med. Chem., Macor, J. E., Ed. Academic Press: 2009; Vol. 44, pp 515-534.
11. Schellekens, R. C. A.; Stellaard, F.; Woerdenbag, H. J.; Frijlink, H. W.; Kosterink,
J. G. W., Applications of Stable Isotopes in Clinical Pharmacology. Br. J. Clin.

Pharmacol. 2011, 72 (6), 879-897.

12. Iglesias, J.; Sleno, L.; Volmer, D. A., Isotopic Labeling of Metabolites in Drug
Discovery Applications. Curr. Drug Metab. 2012, 13 (9), 1213-1225.

176


https://www.fda.gov/regulatory-information/search-fda-guidance-documents/microdose-radiopharmaceutical-diagnostic-drugs-nonclinical-study-recommendations
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/microdose-radiopharmaceutical-diagnostic-drugs-nonclinical-study-recommendations
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/microdose-radiopharmaceutical-diagnostic-drugs-nonclinical-study-recommendations

13. Krauser, J. A., A perspective on tritium versus carbon-14: ensuring optimal label
selection in pharmaceutical research and development. J. Label. Comp. Radiopharm.
2013, 56 (9-10), 441-446.

14. Harbeson, S. L.; Tung, R. D., Deuterium in Drug Discovery and Development. In
Annu. Rep. Med. Chem., Macor, J. E., Ed. Academic Press: 2011; Vol. 46, 403-417.
15. DeWitt, S. H.; Maryanoff, B. E. Deuterated Drug Molecules: Focus on FDA-
Approved Deutetrabenazine: Published as Part of the Biochemistry Series
“Biochemistry to Bedside. Biochemistry 2018, 57 (5), 472-473.

16. Malaty, H.M.; El-Zimaity, H.M.; Genta, R.M.; Klein, P.D.; Graham, D.Y., Twenty-
minute fasting version of the US '*C-urea breath test for the diagnosis of H. pylori
infection. Helicobacter. 1996, 1 (3), 165-167.

17. Lappin, G.; Temple, S., Radiotracers in drug development. Taylor &
Francis, Florida, USA. 2006.

18. Thompson, R. A.; Isin, E. M.; Li, Y.; Weidolf, L.; Page, K.; Wilson, I.; Swallow,
S.; Middleton, B.; Stahl, S.; Foster, A. J.; Dolgos, H.; Weaver, R.; Kenna, J. G., In vitro
approach to assess the potential for risk of idiosyncratic adverse reactions caused by
candidate drugs. Chem. Res. Toxicol. 2012, 25 (8), 1616-1632.

19. Isin, E. M.; Elmore, C. S.; Nilsson, G.; Thompson, R.A.; Weidolf, L., Use of
radiolabeled compounds in drug metabolism and pharmacokinetic studies. Chem. Res.
Toxicol. 2012, 25 (3), 532 -542.

20. Lappin, G.; Stevens, L., Biomedical accelerator mass spectrometry: recent
applications in metabolism and pharmacokinetics. Expert Opin. Drug Metab. Toxicol.
2008, 4 (8), 1021-1033.

21. Elmore, C. S.; Bragg, R. A., Isotope chemistry; a useful tool in the drug discovery
arsenal. Bioorg. Med. Chem. Lett. 2015. 25 (2), 167-171.

22. Jodal, L.; Le Loirec, C.; Champion, C., Positron range in PET imaging: an
alternative approach for assessing and correcting the blurring. Phys. Med. Biol. 2012,
57(12),3931-3943.

23. Lee, C. M.; Farde, L., Using positron emission tomography to facilitate CNS drug
development. Trends Pharmacol. Sci. 2006, 27 (6), 310-316.

177



24. Babin, V.; Taran, F.; Audisio, D., Late-Stage Carbon-14 Labeling and Isotope
Exchange: Emerging Opportunities and Future Challenges. JACS. Au, 2022, 2 (6),
1234-1251.

25. Marathe, P. H.; Shyu, W. C.; Humphreys, W. G. The use of radiolabeled
compounds for ADME studies in discovery and exploratory development. Curr.
Pharm. Des. 2004, 10 (24), 2991-3008.

26. Voges, R.; Heyes, J. R.; Moenius, T., Preparation of Compounds Labeled with
Tritium and Carbon-14. John Wiley & Sons: 2009.

27. Hunter, R. P.; Shryock, T. R.; Cox, B. R.; Butler, R. M.; Hammelman, J. E.
Overview of the animal health drug development and registration process: an industry
perspective. Future Med. Chem. 2011, 3 (7), 881—886.

28. Gehen, S.; Corvaro, M.; Jones, J.; Ma, M.; Yang, Q. Challenges and Opportunities
in the Global Regulation of Crop Protection Products. Org. Process Res. Dev. 2019, 23
(10), 2225-2233.

29. Escher, B. I.; Fenner, K. Recent Advances in Environmental Risk Assessment of
Transformation Products. Environ. Sci. Technol. 2011, 45 (9), 3835-3847.

30. Loffler, D.; Rombke, J.; Meller, M.; Ternes, T. A. Environmental Fate of
Pharmaceuticals in Water/Sediment Systems. Environ. Sci. Technol. 2005, 39 (14),
5209-5218.

31. Lee, C.M.; Farde, L., Using positron emission tomography to facilitate CNS drug
development. Trends Pharmacol. Sci. 2006, 27 (6), 310-316.

32. Gulyas, B.; Halldin, C.; Sandell, J.; Karlsson, P.; S6vago, J.; Karpati, E.; Kiss, B.;
Vas, A.; Cselényi, Z.; Farde, L., PET studies on the brain uptake and regional
distribution of [''C] vinpocetine in human subjects. Acta Neurol. Scand. 2002, 106 (6),
325-332.

32. Gulyas, B.; Halldin, C.; S6évago, J.; Sandell, J.; Cselényi, Z.; Vas, A.; Kiss, B.;
Karpati, E.; Farde, L., Drug distribution in man: a positron emission tomography study
after oral administration of the labelled neuroprotective drug vinpocetine. Eur. J. Nucl.

Med Mol Imaging. 2002, 29 (8), 1031-1038.

178



33. Shoghi-Jadid, K.; Small, G. W.; Agdeppa, E. D.; Kepe, V.; Ercoli, L. M.; Siddarth,
P.; Read, S.; Satyamurthy, N.; Petric, A.; Huang, S. C.; Barrio, J. R., Localization of
neurofibrillary tangles and b-amyloid plaques in the brains of living patients with
Alzheimer’s disease. Am. J. Geriatr. Psychiatry. 2002, 10 (1), 24-35

34. Ma Mathis, C. A.; Wang, Y.; Holt, D. P.; Huang, G. F.; Debnath, M. L.; Klunk, W.
E., Synthesis and evaluation of ''C-labeled 6-substituted 2-arylbenzothiazoles as
amyloid imaging agents. J. Med. Chem. 2003, 46 (13), 2740-2754.

35. Picchio, M.; Messa, C.; Landoni, C.; Gianolli, L.; Sironi, S.; Brioschi, M.;
Matarrese, M.; Matei, D. V.; De Cobelli, F.; Del Maschio, A.; Rocco, F., Value of [!!C]
choline-positron emission tomography for re-staging prostate cancer: a comparison
with [18F] fluorodeoxyglucose-positron emission tomography. J. Urol. 2003, 169 (4),
1337-1340.

36. Pieterman, R. M.; Que, T. H.; Elsinga, P. H.; Pruim, J.; van Putten, J. W.;
Willemsen, A. T.; Vaalburg, W.; Groen, H. J., Comparison of 11C-choline and 18F-
FDG PET in primary diagnosis and staging of patients with thoracic cancer. J. Nucl.
Med. 2002, 43 (2), 167-172.

37. Hara, T.; Kosaka, N.; Shinoura, N.; Kondo, T., PET imaging of brain tumor with
[methyl-''C] choline. J. Nucl. Med. 1997, 38 (6), 842-847.

38. Shinoura, N.; Nishijima, M.; Hara, T.; Haisa, T.; Yamamoto, H.; Fujii, K.; Mitsui,
I.; Kosaka, N.; Kondo, T.; Hara, T., Brain tumors: detection with C-11 choline
PET. Radiology. 1997, 202 (2), 497-503.

39. DeGrado, T. R.; Baldwin, S. W.; Wang, S.; Orr, M. D.; Liao, R. P.; Friedman, H.
S.; Reiman, R.; Price, D. T.; Coleman, R. E., Synthesis and evaluation of '®F-labeled
choline analogs as oncologic PET tracers. J. Nucl. Med. 2001, 42 (12),1805-1814.

40. Giovacchini, G.; Fallanca, F.; Landoni, C.; Gianolli, L.; Picozzi, P.; Attuati, L.;
Terreni, M.; Picchio, M.; Messa, C.; Fazio, F., C-11 choline versus F-18
fluorodeoxyglucose for imaging meningiomas: an initial experience. Clin. Nucl. Med.

2009, 34 (1), 7-10.

179



41. Kopf, S.; Bourriquen, F.; Li, W.; Neumann, H.; Junge, K.; Beller, M., Recent
Developments for the Deuterium and Tritium Labeling of Organic Molecules. Chem.
Rev., 2022, 122 (6), 6634-6718.

42. Zhou, Z. Z.; Zhao, J. H.; Gou, X. Y.; Chen, X. M.; Liang, Y. M., Visible-Light-
Mediated Hydrodehalogenation and Br/D Exchange of Inactivated Aryl and Alkyl
Halides with a Palladium Complex. Org. Chem. Front. 2019, 6 (10), 1649-1654.

43. Han, M.; Ma, X.; Yao, S.; Ding, Y.; Yan, Z.; Adijiang, A.; Wu, Y.; Li, H.; Zhang,
Y.; Lei, P.; Ling, Y.; An, J., Development of a Modified Bouveault-Blanc Reduction
for the Selective Synthesis of a, a- Dideuterio Alcohols. J. Org. Chem. 2017, 82 (2),
1285-1290.

44. Vang, Z. P.; Reyes, A.; Sonstrom, R. E.; Holdren, N. S.; Sloane, S. E.; Alansari, 1.
Y.; Neill, J. L.; Pate, B. H.; Clark, J. R., Copper-catalyzed Transfer Hydrodeuteration
of Aryl Alkenes with Quantitative Isotopomer Purity Analysis by Molecular Rotational
Resonance Spectroscopy. J. Am. Chem. Soc. 2021, 143 (20), 7707-7718.

45. Magre, M.; Szewczyk, M.; Rueping, M., N-Methylation and Trideuteromethylation
of Amines via Magnesium-Catalyzed Reduction of Cyclic and Linear Carbamates.
Org. Lett. 2020, 22 (8), 3209-3214.

46. Li, X.; Wu, S.; Chen, S.; Lai, Z.; Luo, H. B.; Sheng, C., One-Pot Synthesis of
Deuterated Aldehydes from Arylmethyl Halides. Org. Lett. 2018, 20 (7), 1712-1715.
47. Cai, L.; Lu, S.; Pike, V. W., Chemistry with ['®F] Fluoride Ion. Eur. J. Org. Chem.
2008, 2008 (17), 2853-2873.

48. Littich, R.; Scott, P. J. H., Novel Strategies for Fluorine-18 Radiochemistry. Angew
Chem. Int. Ed. 2012, 51 (5), 1106-1109.

49. Muller, K.; Faeh, C.; Diederich, F., Fluorine in pharmaceuticals: looking beyond
intuition. Science 2007, 317 (5846), 1881-1886.

50. Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V., Fluorine in medicinal
chemistry. Chem. Soc. Rev. 2008, 37 (2), 320-330.

51. Deng, X.; Rong, J.; Wang, L.; Vasdev, N.; Zhang, L.; Josephson, L.; Liang, S. H.,
Chemistry for Positron Emission Tomography: Recent Advances in ''C-, "®F-, 3N-,

and '°O-Labeling Reactions. Angew. Chem. Int. Ed. 2019, 58 (9), 2580-2605.

180



52. Buckingham, F.; Kirjavainen, A. K.; Forsback, S.; Krzyczmonik, A.; Keller, T.;
Newington, I. M.; Glaser, M.; Luthra, S. K.; Solin, O.; Gouverneur, V.,
Organomediated enantioselective '*F fluorination for PET applications. Angew. Chem.
Int. Ed. 2015, 54 (45), 13366-13369.

53. Teare, H.; Robins, E. G.; Kirjavainen, A.; Forsback, S.; Sandford, G.; Solin, O.;
Luthra, S. K.; Gouverneur, V., Radiosynthesis and evaluation of ['®F] Selectfluor bis
(triflate). Angew. Chem. Int. Ed. 2010, 122 (38), 6973-6976.

54. Teare, H.; Robins, E.G.; Kirjavainen, A.; Forsback, S.; Sandford, G.; Solin, O.;
Luthra, S.K.; Gouverneur, V., Radiosynthesis and evaluation of [18F] Selectfluor bis
(triflate). Angew. Chem. Int. Ed. 2010, 122 (38), 6973-6976.

55. Furuya, T.; Kamlet, A. S.; Ritter, T., Catalysis for fluorination and
trifluoromethylation. Nature, 2011, 473 (7348), 470-477.

56. Tomashenko, O. A.; Grushin, V. V., Aromatic trifluoromethylation with metal
complexes. Chem. Rev. 2011, 111 (8), 4475-4521.

57. Wu, X-F.; Neumann, H.; Beller, M., Recent developments on the
trifluoromethylation of (hetero)arenes. Chem. Asian J. 2012, 7 (8), 1744-1754.

58. Kilbourn, M. R.; Pavia, M. R.; Gregor, V. E., Synthesis of fluorine-18 labeled
GABA uptake inhibitors. Appl. Radiat. Isot. 1990, 41 (9), 823-828.
59. Prabhakaran, J.; Underwood, M. D.; Parsey, R. V.; Arango, V.; Majo, V. J;
Simpson, N. R.; Van Heertum, R.; Mann, J. J.; Kumar, J. D., Synthesis and in vivo
evaluation of  [18F]-4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]
benzenesulfonamide as a PET imaging probe for COX-2 expression. Bioorg. Med.
Chem. 2007, 15 (4), 1802-1807.

60. Angelini, G.; Speranza, M.; Shiue, C-Y.; Wolf, A. P., H'8F+Sb,03: a new
selective radiofluorinating agent. J. Chem. Soc. Chem. Commun. 1986, (12), 924-925.
61. Angelini, G.; Speranza, M.; Wolf, A. P.; Shiue, C-Y., Synthesis of N-
(a,a,atri[ 18F]fluoro-m-tolyl)piperazine. A potent serotonin agonist. J. Label. Compd.
Radiopharm. 1990, 28 (12), 1441-1448.

62. Mizuta, S.; Stenhagen, 1. S.; O’Duill, M.; Wolstenhulme, J.; Kirjavainen, A. K.;
Forsback, S. J.; Tredwell, M.; Sandford, G.; Moore, P. R.; Huiban, M.; Luthra, S. K.,

181



Catalytic decarboxylative fluorination for the synthesis of tri-and difluoromethyl
arenes. Org. Lett. 2013, 15 (11), 2648-2651.

63. Teare, H.; Robins, E. G.; Kirjavainen, A.; Forsback, S.; Sandford, G.; Solin, O.;
Luthra, S. K.; Gouverneur, V., Radiosynthesis and evaluation of ['®F] Selectfluor bis
(triflate). Angew. Chem. Int. Ed. 2010, 122 (38), 6973-6976.

64. Bergman, J.; Solin, O., Fluorine-18-labeled fluorine gas for synthesis of
tracer molecules. Nucl. Med. Biol. 1997, 24 (7), 677-683.

65. Huiban, M.; Tredwell, M.; Mizuta, S.; Wan, Z.; Zhang, X.; Collier, T. L.;
Gouverneur, V.; Passchier, J., A broadly applicable ['*F] trifluoromethylation of aryl
and heteroaryl iodides for PET imaging. Nat. Chem. 2013, 5 (11), 941-944.

66. Levin, M. D.; Chen, T. Q.; Neubig, M. E.; Hong, C. M.; Theulier, C. A.;
Kobylianskii, I. J.; Janabi, M.; O’Neil, J. P.; Toste, F. D., A catalytic fluoride-rebound
mechanism for C (sp3)-CF3 bond formation. Science 2017, 356 (6344), 1272-1276.
67. Lee, E.; Kamlet, A. S.; Powers, D. C.; Neumann, C. N.; Boursalian, G. B.; Furuya,
T.; Choi, D. C.; Hooker, J. M.; Ritter, T., A fluoride-derived electrophilic late-stage
fluorination reagent for PET imaging. Science 2011, 334 (6056), 639-642.

68. Lee, E.; Hooker, J. M.; Ritter, T., Nickel-mediated oxidative fluorination for PET
with aqueous ['®F] fluoride. J. Am. Chem. Soc. 2012, 134 (42), 17456-17458.

69. Ichiishi, N.; Brooks, A. F.; Topczewski, J. J.; Rodnick, M. E.; Sanford, M. S.; Scott,
P.J., Copper-catalyzed ['®F] fluorination of (mesityl)(aryl) iodonium salts. Org. Lett.
2014, 16 (12), 3224-3227.

70. McCammant, M. S.; Thompson, S.; Brooks, A. F.; Krska, S. W.; Scott, P. J.;
Sanford, M. S., Cu-mediated C-H '®F-fluorination of electron-rich (hetero)
arenes. Org. Lett. 2017, 19 (14), 3939-3942.

71. Mossine, A. V.; Brooks, A. F.; Makaravage, K. J.; Miller, J. M.; Ichiishi, N.;
Sanford, M. S.; Scott, P. J., Synthesis of ['®F] arenes via the copper-mediated ['*F]
fluorination of boronic acids. Org. Lett. 2015, 17 (23), 5780-5783.

72. Chen, W.; Huang, Z.; Tay, N. E.; Giglio, B.; Wang, M.; Wang, H.; Wu, Z.;
Nicewicz, D. A.; Li, Z., Direct arene C—H fluorination with '®F—via organic photoredox

catalysis. Science 2019, 364 (6446), 1170-1174.

182



73. Yu, H.; Chaimbault, P.; Clarot, I.; Chen, Z.; Leroy, P., Labeling nitrogen species
with the stable isotope '°N for their measurement by separative methods coupled with
mass spectrometry: A review. Talanta. 2019, 191, 491-503.

74. Keefer, L. K.; Flippen-Anderson, J. L.; George, C.; Shanklin, A. P.; Dunams, T.
M.; Christodoulou, D.; Saavedra, J. E.; Sagan, E. S.; Bohle, D. S., Chemistry of the
diazeniumdiolates 1. Structural and spectral characteristics of the [N(O)NO]—
functional group. Nitric Oxide, 2001, 5 (4), 377-394.

75. Tsikas, D.; Sandmann, J.; Rossa, S.; Gutzki, F. M.; Frolich, J. C., Gas
chromatographic—mass spectrometric detection of S-nitroso-cysteine and S-nitroso-
glutathione. Anal. Biochem. 1999, 272 (2), 117-122.

76. Derdau, V., New Trends and Applications in Cyanation Isotope Chemistry. J.
Label. Comp. Radiopharm. 2018, 61(14), 1012-1023.

77. Elmore, C. S.; Dorff, P. N., Synthesis of Triphenylsilyl ['*C2] Acetylene for use in
a Sonogashira Reaction. J. Label. Comp. Radiopharm. 2011, 54 (1), 51-53.

78. Murthy, A.; Ullas, G., Synthesis of ['*C] Labeled 2-Methoxypyrimidine-5-
Carboxylic Acid. J. Label. Comp. Radiopharm. 2009, 52 (4), 114—116.

79. Melville, D. B.; Rachele, J. R.; Keller, E. B., A synthesis of methionine containing
radio-carbon in the methyl group. J. Biol. Chem., 1947, 169, 419-426.

80. Elmore, C. S.; Dean, D. C.; DeVita, R. J.; Melillo, D. G., Synthesis of two non-
peptidyl GnRH receptor antagonists via ['*C] carbonylation. J. Label. Compd.
Radiopharm. 2003, 46 (10), 993-1000.

81. Wheeler, W. J.; Blanchard, W. B., The synthesis of 1, 3, 4-thiadiazol-2-
ylcyanamide sodium, a potentially useful anti-influenza agent and its [S5-[sup 14] C]
and [UL-[sup 13] C [sub 3]] isotopomers. J. Label. Compd. Radiopharm. 1992, 31 (7),
495-504.

82.Ren, S.; McNamara, P.; Royster, P.; Lee, J.; Saluja, S. S.; Koharski, D.; Hendershot,
S. Truong, V., Synthesis of '*C-labeled piperidines and application to synthesis of ['*C]
SCH 351125, a CCRS receptor antagonist. J. Label. Compd. Radiopharm. 2007, 50 (7),
643-648.

183



83. Baldwin, J. E.; Adlington, R. M.; Russell, M. A.; Schofield, J. C.; Wood, M. E.,
Syntheses of (2-sup '*C) and (1, 2-sup '*C) labelled. alpha. Ketoglutaric acid. J. Label.
Compd. Radiopharm. 1989, 27 (9), 1091-1099.

84. Hesk, D.; Borges, S.; Dumpit, R.; Hendershot, S.; Koharski, D.; McNamara, P.;
Ren, S.; Saluja, S.; Truong, V.; Voronin, K., Synthesis of *H, 2Ha, and '*C-MK 3814
(Preladenant). J. Label. Comp. Radiopharm. 2017, 60 (4), 194-199.

85. Deng, X.; Rong, J.; Wang, L.; Vasdev, N.; Zhang, L.; Josephson, L.; Liang, S.H.,
Chemistry for positron emission tomography: recent advances in ''C-, '8F-, *N-, and
150-labeling reactions. Angew. Chem. Int. Ed. 2019, 58 (9), 2580-2605.

86. Takashima-Hirano, M.; Ishii, H.; Suzuki, M., Synthesis of ['!C] Am80 via novel
Pd (0)-mediated rapid [''C] carbonylation using arylboronate and [''C] carbon
monoxide. ACS Med. Chem. Lett. 2012, 3 (10), 804-807.

87. Ishii, H.; Minegishi, K.; Nagatsu, K.; Zhang, M.R., Pd (0)-mediated [''C]
carbonylation of aryl and heteroaryl boronic acid pinacol esters with [!!C] carbon
monoxide under ambient conditions and a facile process for the conversion of
[carbonyl-!'C] esters to [carbonyl-!''C] amides. Tetrahedron, 2015, 71 (10), 1588-
1596.

88. Riss, P. I.; Lu, S.; Telu, S.; Aigbirhio, F. I.; Pike, V. W., Cul-catalyzed !'C
carboxylation of boronic acid esters: A rapid and convenient entry to ''C-labeled
carboxylic acids, esters, and amides. Angew. Chem. Int. Ed. 2012. 51 (11), 2698 —2702.
89. Colussi, A. J.; Amorebieta, V. T; Grela, M.A., Very low-pressure pyrolysis of
phenylacetic acid. J. Chem. Soc. Faraday Trans. 1992, 88 (15), 2125-2127.

90. Winter, K.; Barton, D., The thermal decomposition of benzoic acid. Can. J. Chem.
1970, 48 (24), 3797-3801.

91.Li, T. F.; Huo, L.; Pulley, C.; Liu, A. M., Decarboxylation mechanisms in biological
system. Bioorganic Chem. 2012, 43, 2-14.

92. Kluger, R., Decarboxylation, CO2 and the Reversion Problem. Acc. Chem. Res.
2015, 48 (11), 2843-2849.

184



93. Goossen, L. J.; Thiel, W. R.; Rodriguez, N.; Linder, C.; Melzer, B., Copper-
catalyzed protodecarboxylation of aromatic carboxylic acids. Adv. Synth. Catal. 2007,
349 (14-15), 2241-2246.

94. Dickstein, J. S.; Mulrooney, C. A.; O'Brien, E. M.; Morgan, B. J.; Kozlowski, M.
C., Development of a catalytic aromatic decarboxylation reaction. Org. Lett. 2007, 9
(13), 2441-2444.

95. Ly, P.; Sanchez, C.; Cornella, J.; Larrosa, L., Silver-catalyzed protodecarboxylation
of heteroaromatic carboxylic acids. Org. Lett. 2009, 11 (24), 5710-5713.

96. Hu, X. Q.; Liu, Z. K;; Hou, Y. X.; Gao, Y., Single electron activation of aryl
carboxylic acids. iscience, 2020, 23 (7), 101266.

97. ortajada, A.; Julid-Hernandez, F.; Borjesson, M.; Moragas, T.; Martin, R.,
Transition-metal-catalyzed carboxylation reactions with carbon dioxide. Angew.
Chem. Int. Ed. 2018, 57 (49), 15948-15982.

98. Liu, Q.; Wu, L.; Jackstell, R.; Beller, M., Using carbon dioxide as a building block
in organic synthesis. Nat. Commun. 2015, 6 (1), 1-15.

99. Ma, S.; Villa, G.; Thuy-Boun, P. S.; Homs, A.; Yu, J.-Q., Palladium-Catalyzed
ortho-Selective CH Deuteration of Arenes: Evidence for Superior Reactivity of Weakly
Coordinated Palladacycles. Angew. Chem., Int. Ed. 2014, 53 (3), 734-737.

100. Puleo, T. R.; Strong, A. J.; Bandar, J. S., Catalytic a-Selective Deuteration of
Styrene Derivatives. J. Am. Chem. Soc. 2019, 141 (4), 1467-1472.

101. Chang, Y.; Yesilcimen, A.; Cao, M.; Zhang, Y.; Zhang, B.; Chan, J. Z.; Wasa, M.,
Catalytic Deuterium Incorporation within Metabolically Stable f-Amino C-H Bonds
of Drug Molecules. J. Am. Chem. Soc. 2019, 141 (37), 14570-14575.

102. Esaki, H., Aoki, F., Umemura, M., Kato, M., Maegawa, T., Monguchi, Y. and
Sajiki, H., 2007. Efficient H/D Exchange Reactions of Alkyl-Substituted Benzene
Derivatives by Means of the Pd/C—H2-D20 System. Chem. Eur. J. 2007, 13 (14), 4052-
4063.

103. Yu, R. P.; Hesk, D.; Rivera, N.; Pelczer, I.; Chirik, P. J., [ronCatalysed Tritiation
of Pharmaceuticals. Nature 2016, 529 (7585), 195-199.

185



104. Loh, Y. Y.; Nagao, K.; Hoover, A. J.; Hesk, D.; Rivera, N. R.; Colletti, S. L.;
Davies, I. W.; MacMillan, D. W. C., PhotoredoxCatalyzed Deuteration and Tritiation
of Pharmaceutical Compounds. Science 2017, 358 (6367), 1182-1187.

105. Zarate, C.; Yang, H.; Bezdek, M. J.; Hesk, D.; Chirik, P. J. Ni(I)-X Complexes
Bearing a Bulky o-Diimine Ligand: Synthesis, Structure, and Superior Catalytic
Performance in the Hydrogen Isotope Exchange in Pharmaceuticals. J. Am. Chem. Soc.
2019, 141 (12), 5034-5044.

106. Valero, M.; Bouzouita, D.; Palazzolo, A.; Atzrodt, J.; Dugave, C.; Tricard, S.;
Feuillastre, S.; Pieters, G.; Chaudret, B.; Derdau, V. NHCStabilized Iridium
Nanoparticles as Catalysts in Hydrogen Isotope Exchange Reactions of Anilines.
Angew. Chem., Int. Ed. 2020, 132 (9), 3545-3550.

107. HauBermann, A.; Rominger, F.; Straub, B. F., CO2 on a Tightrope: Stabilization,
Room-Temperature Decarboxylation, and Sodium-Induced Carboxylate Migration.
Chem. Eur. J. 2012, 18 (44), 14174-14185.

108. Darensbourg, D. J.; Longridge, E. M.; Holtcamp, M. W.; Klausmeyer, K. K.;
Reibenspies, J. H., Reversible decarboxylation of phosphine derivatives of Cu (I)
cyanoacetate. Mechanistic aspects germane to catalytic decarboxylation of carboxylic
acids. J. Am. Chem. Soc. 1993, 115 (19), 8839-8840.

109. Szabolcs, A.; Szammer, J.; Noszko, L. A new method for the preparation of
carboxyl-labelled aliphatic carboxylic acids. Tetrahedron, 1974, 30 (19), 3647-3648.
110. Nakai, R.; Sugii, M.; Nakao, H., Isotopic tracer studies of the ketonic pyrolysis of
sodium carboxylates. J. Am. Chem. Soc. 1959, 81 (14), 1003-1006.

111. Destro, G.; Loreau, O.; Marcon, E.; Taran, F.; Cantat, T.; Audisio, D., Dynamic
carbon isotope exchange of pharmaceuticals with labeled COz. J. Am. Chem. Soc. 2019,
141 (2), 780-784.

112. Hinsinger, K.; Pieters, G., The Emergence of Carbon Isotope Exchange. Angew.
Chem. Int. Ed. 2019, 58 (29), 9678-9680.

113. Kingston, C.; Wallace, M. A.; Allentoff, A. J.; deGruyter, J. N.; Chen, J. S.; Gong,
S. X.; Bonacorsi, S.; Baran, P. S., Direct Carbon Isotope Exchange through
Decarboxylative Carboxylation. J. Am. Chem. Soc. 2019, 141 (2), 774-779.

186



114. Tortajada, A.; Duan, Y.; Sahoo, B.; Cong, F.; Toupalas, G.; Sallustrau, A.; Loreau,
O.; Audisio, D.; Martin, R., Catalytic decarboxylation/carboxylation platform for
accessing isotopically labeled carboxylic acids. ACS Catal. 2019, 9 (7), 5897-5901.
115. Nielsen, D.U.; Neumann, K.T.; Lindhardt, A.T.; Skrydstrup, T., Recent
developments in carbonylation chemistry using ['*C] CO, ['!C] CO, and ['*C] CO. J.
Label. Comp. Radiopharm. 2018, 61 (13), 949-987.

116. Gauthier, D. R.; Rivera, N. R.; Yang, H.; Schultz, D. M.; Shultz, C. S., Palladium-
catalyzed carbon isotope exchange on aliphatic and benzoic acid chlorides. J. Am.
Chem. Soc. 2018, 140 (46), 15596-15600.

117. Rodriguez, N.; Goossen, L. J., Decarboxylative coupling reactions: a modern
strategy for C—C-bond formation. Chem. Soc. Rev. 2011, 40 (10), 5030-5048.

118. Vijh, A. K.; Conway, B. E., Electrode kinetic aspects of the Kolbe reaction. Chem.
Rev. 1967, 67 (6), 623-664.

119. Zuo, Z.; Ahneman, D. T.; Chu, L.; Terrett, J. A.; Doyle, A. G.; MacMillan, D. W.,
Merging photoredox with nickel catalysis: Coupling of a-carboxyl sp3-carbons with
aryl halides. Science 2014, 345 (6195), 437-440.

120. Barton, D. H. R.; Gero, S. D.; Quiclet-Sire, B.; Samadi, M.; Ozbalik, N.; Sarma,
J. C.; Ramesh, M., New reactions for use in natural products chemistry. Pure
Appl.Chem., 1988, 60 (11), 1549-1554.

121. Qin, T.; Cornella, J., Li, C.; Malins, L. R.; Edwards, J. T.; Kawamura, S.;
Maxwell, B. D.; Eastgate, M.D.; Baran, P.S., A general alkyl-alkyl cross-coupling
enabled by redox-active esters and alkylzinc reagents. Science 2016, 352 (6287), 801-
805.

122. Schwarz, J.; Konig, B., Decarboxylative reactions with and without light—a
comparison. Green Chem, 2018, 20 (2), 323-361.

123. Destro, G.; Horkka, K.; Loreau, O.; Buisson, D. A.; Kingston, L.; Del Vecchio,
A.; Schou, M.; Elmore, C. S.; Taran, F.; Cantat, T.; Audisio, D., Transition-Metal-Free
Carbon Isotope Exchange of Phenyl Acetic Acids. Angew. Chem. Int. Ed. 2020, 59
(32), 13490-13495.

187



124. Moon, P. J.; Yin, S.; Lundgren, R. J., Ambient decarboxylative arylation of
malonate half-esters via oxidative catalysis. J. Am. Chem. Soc. 2016, 138 (42), 13826-
13829.

125. Moon, P. J.; Fahandej-Sadi, A.; Qian, W.; Lundgren, R. J., Decarboxylative
benzylation of aryl and alkenyl boronic esters. Angew. Chem. Int. Ed. 2018, 57 (17),
4612-4616.

126. Kong, D.; Moon, P. J.; Bsharat, O.; Lundgren, R. J., Direct catalytic
decarboxylative amination of aryl acetic acids. Angew. Chem. Int. Ed. 2020, 59 (3),
1313-1319.

127. Hunter, D. H.; Hamity, M.; Patel, V.; Perry, R. A., Crown ether catalysis of
decarboxylation: A general survey of reactivity and detailed analysis of the
triphenylacetate anion.Can. J. Chem. 1978, 56 (1), 104-113.

128. Still, W. C.; Kahn, M.; Mitra, A., Rapid chromatographic technique for
preparative separations with moderate resolution. J. Org. Chem., 1978, 43 (14), 2923-
2925.

129. Shang, R.; Yang, Z. W.; Wang, Y.; Zhang, S. L.; Liu, L., Palladium-catalyzed
decarboxylative couplings of 2-(2-azaaryl) acetates with aryl halides and triflates. J.
Am. Chem. Soc., 2010, 132 (41), 14391-14393.

130. Day, J. E.; Sharp, S.Y.; Rowlands, M. G.; Aherne, W.; Workman, P.; Moody, C.
J., Targeting the Hsp90 chaperone: synthesis of novel resorcylic acid macrolactone
inhibitors of Hsp90. Chem Eur. J., 2010, 16 (9), 2758-2763.

131. Shang, R.; Huang, Z.; Chu, L.; Fu, Y.; Liu, L., Palladium-catalyzed
decarboxylative coupling of potassium nitrophenyl acetates with aryl halides.Org.
Lett., 2011, 13 (16), 4240-4243.

132. Mai, T. T.; Viswambharan, B.; Gori, D.; Guillot, R.; Naubron, J. V.; Kouklovsky,
C.; Alezra, V., Frozen Chirality of Tertiary Aromatic Amides: Access to
Enantioenriched Tertiary o-Amino Acid or Amino Alcohol without Chiral
Reagent.Chem Eur. J., 2017, 23 (24), 5787-5798.

133. Bon, D. J. Y.; Kovac, O.; Ferugova, V.; Zalesak, F.; Pospisil, J., One and two-

carbon homologation of primary and secondary alcohols to corresponding carboxylic

188



esters using B-carbonyl BT sulfones as a common intermediate.J. Org. Chem., 2018,
83 (9), 4990-5001.

134. Shintani, R.; Park, S.; Shirozu, F.; Murakami, M.; Hayashi, T., Palladium-
catalyzed asymmetric decarboxylative lactamization of y-methylidene-o-
valerolactones with isocyanates: conversion of racemic lactones to enantioenriched
lactams. J. Am. Chem. Soc., 2008, 130 (48), 16174-16175.

135. Li, Y.; Zhang, W.; Zhang, H.; Tian, W.; Wu, L.; Wang, S.; Zheng, M.; Zhang, J.;
Sun, C.; Deng, Z.; Sun, Y., Structural basis of a broadly selective acyltransferase from
the polyketide synthase of splenocin., Angew. Chem. Int. Ed. 2018, 130 (20), 5925-
5929.

136. Hughes, A. B., Amino Acids, Peptides and Proteins in Organic Chemistry.
WILEY-VCH Verlag GmbH & Co.: 2009; Vol. 1.

1137. Henninot, A.; Collins, J. C.; Nuss, J. M., The Current State of Peptide Drug
Discovery: Back to the Future? J. Med. Chem. 2018, 61 (4), 1382-1414.

138. Sawyer, T. K., Renaissance in Peptide Drug Discovery: The Third Wave. In
Peptide-based Drug Discovery: Challenges and New Therapeutics, The Royal Society
of Chemistry: 2017; pp 1-34.

139. Muttenthaler, M.; King, G. F.; Adams, D. J.; Alewood, P. F., Trends in peptide
drug discovery. Nat. Rev. Drug Discov. 2021, 20 (4), 309-325.

140. Lin, M. T.; Sperling, L. J.; Frericks Schmidt, H. L.; Tang, M.; Samoilova, R. L;
Kumasaka, T.; Iwasaki, T.; Dikanov, S. A.; Rienstra, C. M.; Gennis, R. B., A rapid and
robust method for selective isotope labeling of proteins. Methods 2011, 55 (4), 370-
378.

141. Mann, M., Functional and quantitative proteomics using SILAC. Nat. Rev. Mol.
Cell Bio. 2006, 7 (12), 952-958.

142. Dell'isola, A.; Brown, R. T.; Jones, S.; Kitson, S. L.; Moody, T. S.; Syvret, J.;
Upeandran, B.; Watters, W. H. Synthesis of carbon-14—labelled peptides. Journal of
Labelled Compounds and Radiopharmaceuticals 2019, 62 (11), 713-717.

143. Voges, R.; Heyes, J. R.; Moenius, T., Preparation of Compounds Labeled with
Tritium and Carbon-14. John Wiley & Sons: 2009.

189



144. Huang, C.; McConathy, J. Radiolabeled amino acids for oncologic imaging. J.
Nucl. Med. 2013, 54 (7), 1007-1010.

145.  Galldiks, N.; Langen, K. J. Applications of PET imaging of neurological tumors
with radiolabeled amino acids. Q. J. Nucl. Med. Mol. Imaging 2015, 59 (1), 70-82.
146. Jager, P. L.; Vaalburg, W.; Pruim, J.; de Vries, E. G.; Langen, K. J.; Piers, D.
A. Radiolabeled amino acids: basic aspects and clinical applications in oncology. J.
Nucl. Med. 2001, 42 (3), 432-445.

147. Aberhart, D. J.; Weiller, B. H., Synthesis of (2S,4S)-[5-13C] leucine, (2R,4S)-[5-
13C] leucine, and (2RS)-[1,2-13C2] leucine. J. Label. Comp. Radiopharm. 1983, 20 (5),
663-668.

148. Loftfield, R. B.; Eigner, E. A., The preparation of pure [1-'*C]- and [1-°H]-labeled
l-amino acids. Biochim. Biophys. Acta 1966, 130 (2), 449-457.

1149. Meesschaert, B.; Adriaens, P.; Eyssen, H., Synthesis of (1-'*C) valine. J. Label.
Comp. Radiopharm. 1980, 17 (2), 263-268.

150. Ekhato, I. V.; Huang, C. C., A practical approach to the synthesis of '*C-labeled
amino acid and simple peptide. J. Label. Comp. Radiopharm. 1994, 34 (2), 107-115.
151. Nakajima, T.; Nakayama, K.; Shimizu, I., Synthesis of isotope-labelled [1-'*C]-
amino acids from *COz. J. Label. Comp. Radiopharm. 2007, 50 (5-6), 622-623.

152. Pajak, M.; Patka, K.; Winnicka, E.; Kanska, M., The chemo- enzymatic synthesis
of labeled l-amino acids and some of their derivatives. J. Radioanal. Nucl. Chem. 2018,
317 (2), 643-666.

153. Augustyniak, W.; Kanski, R.; Kafska, M., Synthesis of carbon-14 labeled [1-'*C]-
, and [2-'*C]-L-tyrosine. J. Label. Comp. Radiopharm. 2001, 44 (8), 553-560.

154. Harding, J. R.; Hughes, R. A.; Kelly, N. M.; Sutherland, A.; Willis, C. L.,
Syntheses of isotopically labelled L-a-amino acids with an asymmetric centre at C-3.
J. Chem. Soc., Perkin Trans. 1 2000, (20), 3406-3416.

155. Terauchi, T.; Kobayashi, K.; Okuma, K.; Oba, M.; Nishiyama, K.; Kainosho, M.,
Stereoselective Synthesis of Triply Isotope-Labeled Ser, Cys, and Ala: Amino Acids
for Stereoarray Isotope Labeling Technology. Org. Lett. 2008, 10 (13), 2785-2787.

190



156. Xing, J.; Brooks, A. F.; Fink, D.; Zhang, H.; Piert, M. R.; Scott, P. J. H.; Shao,
X., High-Yielding Automated Convergent Synthesis of No-Carrier-Added [11C-
Carbonyl]-Labeled Amino Acids Using the Strecker Reaction. Synlett 2017, 28 (03),
371-375.

1157. Vavere, A. L.; Snyder, S. E., Synthesis of L-[methyl-''C]Methionine
(["'CIMET). In Radiochemical Syntheses, 2012; pp 199-212.

158. Filp, U.; Pees, A. L.; Taddei, C.; Pekosak, A.; Gee, A. D.; Windhorst, A. D.;
Poot, A. J., Efficient Synthesis of ''C-Acrylesters, ''C-Acrylamides and Their
Application in Michael Addition Reactions for PET Tracer Development. Eur. J. Org.
Chem. 2017, 2017 (34), 5154-5162.

159. Decarboxylation. In Organic Chemistry of Enzyme-Catalyzed Reactions (Second
Edition), Silverman, R. B., Ed. Academic Press: San Diego, 2002; pp 321-357.

160. Claes, L.; Janssen, M.; De Vos, D. E., Organocatalytic Decarboxylation of Amino
Acids as a Route to Bio-based Amines and Amides. ChemCatChem 2019, 11 (17),
4297-4306.

161. Snider, M. J.; Wolfenden, R., The Rate of Spontaneous Decarboxylation of Amino
Acids. J. Am. Chem. Soc. 2000, 122 (46), 11507-11508.

162. Liao, L.-L.; Cao, G.-M.; Jiang, Y.-X.; Jin, X.-H.; Hu, X.-L.; Chruma, J. J.; Sun,
G.-Q.; Gui, Y.-Y.; Yu, D.-G., a-Amino Acids and Peptides as Bifunctional Reagents:
Carbocarboxylation of Activated Alkenes via Recycling COz. J. Am. Chem. Soc. 2021,
143 (7), 2812-2821.

163. Mitulovi, G.; Lammerhofer, M.; Maier, N. M.; Lindner, W., Simple and efficient
preparation of (R)- and (S)-enantiomers of a-carbon deuterium-labelled a-amino acids.
J. Label. Comp. Radiopharm. 2000, 43 (5), 449-461.

164. Kong, D.; Moon, P. J.; Lui, E. K. J.; Bsharat, O.; Lundgren, R. J., Direct reversible
decarboxylation from stable organic acids in dimethylformamide solution. Science
2020, 369 (6503), 557-561.

165. Kong, D.; Munch, M.; Qiqige, Q.; Cooze, C. J. C.; Rotstein, B. H.; Lundgren,
R. J., Fast Carbon Isotope Exchange of Carboxylic Acids Enabled by Organic
Photoredox Catalysis. J. Am. Chem. Soc. 2021, 143 (5), 2200-2206.

191



166. Babin, V.; Talbot, A.; Labiche, A.; Destro, G.; Del Vecchio, A.; Elmore, C. S.;
Taran, F.; Sallustrau, A.; Audisio, D., Photochemical Strategy for Carbon Isotope
Exchange with CO2. ACS. Catal. 2021, 11 (5), 2968-2976.

167. Zimmermann, V.; Beller, M.; Kragl, U., Modelling the Reaction Course of a
Dynamic Kinetic Resolution of Amino Acid Derivatives: Identifying and Overcoming
Bottlenecks. Org. Process Res. Dev. 2006, 10 (3), 622-627.

168. Harada, M.; Shimbo, K.; Karakawa, S., Preparation of racemic a-amino acid
standards for accurate mass spectrometric analysis via racemization catalyzed by a
hydrophobic pyridoxal derivative. Talanta 2021, 234, 122661.

169. Zhu, Y.-Y.; Wu, X.-D.; Abed, M.; Gu, S.-X.; Pu, L., Biphasic Enantioselective
Fluorescent Recognition of Amino Acids by a Fluorophilic Probe. Chem. Eur. J. 2019,
25 (33), 7866—7873.

170. Beller, M.; Eckert, M.; Geissler, H.; Napier ski, B.; Rebenstock, H.-P.; Holla, E.
W., Efficient Chemoenzymatic Synthesis of Enantiomerically Pure a-Amino Acids.
Chem. Eur. J. 1998, 4 (5), 935-941.

171. Nian, Y.; Wang, J.; Zhou, S.; Wang, S.; Moriwaki, H.; Kawashima, A.;
Soloshonok, V. A.; Liu, H., Recyclable Ligands for the Non-Enzymatic Dynamic
Kinetic Resolution of Challenging a-Amino Acids. Angew. Chem. Int. Ed. 2015, 54
(44), 12918-12922.

172. Dikusar, E. A.; Potkin, V. 1., Synthesis of water-soluble lithium, sodium,
potassium, and cesium salts of (E)-2-[4-methoxy(3,4-dimethoxy)-benzylideneamino]-
2-alkyl(aralkyl)acetic acids. Russ. J. Gen. Chem. 2013, 83 (12), 2272-2275.

173. Grigg, R.; Gunaratne, H. Q. N., The mechanism of the racemisation of a-amino
acids in the presence of aldehydes. Tetrahedron Lett. 1983, 24 (41), 4457-4460.

174. Callahan, B. P.; Wolfenden, R., Charge Development in the Transition State for
Decarboxylations in Water: Spontaneous and Acetone-Catalyzed Decarboxylation of
Aminomalonate. J. Am. Chem. Soc. 2004, 126 (14), 4514-4515.

175. Tang, S.; Zhang, X.; Sun, J.; Niu, D.; Chruma, J. J., 2-Azaallyl Anions, 2-Azaallyl
Cations, 2-Azaallyl Radicals, and Azomethine Ylides. Chem. Rev. 2018, 118 (20),
10393-10457.

192



176. Fujihara, H.; Schowen, R. L., Facile, economical synthesis of L-[alpha-2H]-alpha-
amino acids. J. Org. Chem. 1984, 49 (15), 2819-2820.

177. Guo, C.-X.; Zhang, W.-Z.; Zhou, H.; Zhang, N.; Lu, X.-B., Access to a-
Arylglycines by Umpolung Carboxylation of Aromatic Imines with Carbon Dioxide.
Chem. Eur. J. 2016, 22 (48), 17156-17159.

178. Takeda, R.; Kawamura, A.; Kawashima, A.; Sato, T.; Moriwaki, H.; Izawa, K.;
Akaji, K.; Wang, S.; Liu, H.; Acefa, J. L.; Soloshonok, V. A., Chemical Dynamic
Kinetic Resolution and S/R Interconversion of Unprotected a-Amino Acids. Angew.
Chem. Int. Ed. 2014, 53 (45), 12214-12217.

179. 5. Kervefors, G.; Kersting, L.; Olofsson, B., Transition Metal-Free N-Arylation of
Amino Acid Esters with Diaryliodonium Salts. Chem. Eur. J. 2021, 27 (18), 5790—
5795.

180. Nathanael, J. G.; White, J. M.; Richter, A.; Nuske, M. R.; Wille, U., Oxidative
damage of proline residues by nitrate radicals (NO3°): a kinetic and product study. Org.
Biomol. Chem. 2020, 18 (35), 6949-6957.

181. List, B.; Lerner, R. A.; Barbas, C. F., Proline-catalyzed direct asymmetric aldol
reactions. J. Am. Chem. Soc. 2000, 122 (10), 2395-2396.

182. Ahrendt, K. A.; Borths, C. J.; MacMillan, D. W. C., New strategies for organic
catalysis: The first highly enantioselective organocatalytic Diels-Alder reaction. J.
Am. Chem. Soc. 2000, 122 (17), 4243-4244

183. Yang, J. W.; Chandler, C.; Stadler, M.; Kampen, D.; List, B., Proline-catalysed
Mannich reactions of acetaldehyde. Nature 2008, 452 (7186), 453-455.

184. Lelais, G.; MacMillan, D. W. C., Modern Strategies in Organic Catalysis: The
Advent and Development of Iminium Activation. Aldrichim. Acta 2006, 39,(3), 79-
87.

185. Li, B. J.; Claudia, E. N.; Beauchemin, A. M., Organocatalysis using aldehydes:
the development and improvement of catalytic hydroaminations, hydrations and
hydrolyses. Chem. Commun. 2017. 53 (99), 13192-13204.

186. Wang, Q.; Gu, Q.; You, S. L., Enantioselective Carbonyl Catalysis
Enabled by Chiral Aldehydes. Angew. Chem. Int. Ed. 2019. 131 (21), 6890-6897.

193



187. Lin, K.; Shi, A.; Shi, C; Lin, J.; Lin, H., Catalytic Asymmetric Amino Acid and
Its Derivatives by Chiral Aldehyde Catalysis. Front. Chem. 2021. 9 (687817).

188. Li, S.; Chen, X.Y.; Enders, D., Aldehyde catalysis: new options for asymmetric
organocatalytic reactions. Chem. 2018. 4 (9), 2026-2028.

189. Yabushita, K.; Yuasa, A.; Nagao, K.; Ohmiya, H., Asymmetric Catalysis Using
Aromatic Aldehydes as Chiral a-Alkoxyalkyl Anions. J. Am. Chem. Soc. 2019.

141 (1), 113-117.

190. Meng, J.; Fan, L.-F.; Han, Z.-Y.; Gong, L.-Z., o-Quaternary Chiral
Aldehydes from Styrenes, Allylic Alcohols, and Syngas via Multi-Catalyst Relay
Catalysis. Chem 2018. 4 (5), 1047-1058.

191. MacDonald, M. J.; Schipper, D. J.; Ng, P. J.; Moran, J.; Beauchemin, A. M., A
Catalytic Tethering Strategy: Simple Aldehydes Catalyze Intermolecular Alkene
Hydroaminations. J. Am. Chem. Soc. 2011, 133 (50), 20100-20103.

192. Gong, L.-Z., Chiral Aldehyde Catalysis: a Highly Promising Concept in
Asymmetric Catalysis. Sci. China Chem. 2019, 62, 3-4.

193. Su, Y.-L.; Li, L.-L.; Zhou, X.-L.; Dai, Z.-Y.; Wang, P.-S.; Gong, L.-Z.,
Asymmetric a-Allylation of Aldehydes with Alkynes by Integrating Chiral
Hydridopalladium and Enamine Catalysis. Org. Lett. 2018. 20 (8), 2403-2406.

194. Hoegl, A.; Nodwell, M. B.; Kirsch, V. C.; Bach, N. C.; Pfanzelt, M.; Stahl, M.;
Schneider, S.; Sieber, S. A., Mining the Cellular Inventory of Pyridoxal Phosphate-
dependent Enzymes with Functionalized Cofactor Mimics. Nat. Chem. 2018, 10 (12),
1234-1245.

195. Chen, J.; Liu, Y. E.; Gong, X.; Shi, L.; Zhao, B., Biomimetic Chiral
Pyridoxalppyridoxal and Pyridoxamine Catalysts. Chin.J Chem 2019. 37 (2), 103-112.
196. Chen, L.; Luo, M.-J.; Zhu, F.; Wen, W.; Guo, Q.-X., Combining Chiral Aldehyde
Catalysis and Transition-Metal Catalysis for Enantioselective a-Allylic Alkylation of
Amino Acid Esters. J. Am. Chem. Soc. 2018, 141 (13), 5159-5163.

197. Li, B.-].; Ei-Nachef, C.; Beauchemin, A. M., Organocatalysis Using Aldehydes:
the Development and Improvement of Catalytic Hydroaminations, Hydrations and

Hydrolyses. Chem. Commun. 2017, 53 (99), 13192-13204.

194



198. Xu, B.; Shi, L. L.; Zhang, Y. Z.; Wu, Z. J.; Fu, L. N.; Luo, C. Q.; Zhang, L. X_;
Peng, Y. G.; Guo, Q. X., Catalytic Asymmetric Direct a-alkylation of Amino Esters by
Aldehydes via Imine Activation. Chem. Sci. 2014, 5 (5), 1988-1991.

199. Chen, J.; Gong, X.; Li, J.; Li, Y.; Ma, J.; Hou, C.; Zhao, G.; Yuan, W.; Zhao, B.,
Carbonyl Catalysis Enables a Biomimetic Asymmetric Mannich Reaction. Science
2018, 360 (6396), 1438-1442.

200. Folmer-Andersen, J. F.; Lynch, V. M.; Anslyn, E. V., Colorimetric
enantiodiscrimination of a-amino acids in protic media. J. Am. Chem. Soc. 2005, 127
(22), 7986-7987.

201. Kazlauskas, R. J., Engineering a multipurpose catalyst. Nat. Chem. Biol. 2006, 2
(10), 514-515.

202. Kim, K. M.; Park, H.; Kim, H.-J.; Chin, J.; Nam, W., Enantioselective recognition
of 1, 2-amino alcohols by reversible formation of imines with resonance-assisted
hydrogen bonds. Org. Lett. 2005, 7 (16), 3525-3527.

203. Tang, L.; Choi, S.; Nandhakumar, R.; Park, H.; Chung, H.; Chin, J.; Kim, K. M.,
Reactive extraction of enantiomers of 1, 2-amino alcohols via stereoselective
thermodynamic and kinetic processes. J. Org. Chem. 2008, 73 (15), 5996-5999.

204. Nandhakumar, R.; Soo, A. Y.; Hong, J.; Ham, S.; Kim, K. M., Enantioselective
recognition of 1,2-aminoalcohols by the binol receptor dangled with pyrrole-2-
carboxamide and its analogues. Tetrahedron 2009, 65 (3), 666-671.

205. Tang, L.; Ga, H.; Kim, J.; Choi, S.; Nandhakumar, R.; Kim, K. M., Chirality
conversion and enantioselective extraction of amino acids by imidazolium-based binol-
aldehyde. Tetrahedron Lett. 2008, 49 (48), 6914-6916.

206. Park, H.; Kim, K. M.; Lee, A.; Ham, S.; Nam, W.; Chin, J., Bioinspired chemical
inversion of L-amino acids to D-amino acids. J. Am. Chem. Soc. 2007, 129 (6), 1518-
1519.

207. Park, H.; Nandhakumar, R.; Hong, J.; Ham, S.; Chin, J.; Kim, K. M.,
Stereoconversion of Amino Acids and Peptides in Uryl-Pendant Binol Schiff
Bases. Chem. Eur. J. 2008, 14 (32), 9935- 9942.

195



208. Nandhakumar, R.; Ryu, J.; Park, H.; Tang, L.; Choi, S.; Kim, K. M., Effects of
ring substituents on enantioselective recognition of amino alcohols and acids in uryl-
based binol receptors. Tetrahedron 2008, 64 (33), 7704-7708.

209. Feuister, E. K.; Glass, T. E., Detection of amines and unprotected amino acids in
aqueous conditions by formation of highly fluorescent iminium ions. J. Am. Chem. Soc.
2003, 7125 (52), 16174-16175.

210. Bsharat, O.; Doyle, M. G.; Munch, M.; Mair, B. A.; Cooze, C. J.; Derdau, V.;
Bauer, A.; Kong, D.; Rotstein, B. H.; Lundgren, R. J., Aldehyde-catalysed carboxylate
exchange in a-amino acids with isotopically labelled CO2. Nat. Chem. 2022, 14 (12),
1367-1374.

211. Fernandez-Lafuente, R.; Rodriguez, V.; Guisan, J. M., The coimmobilization of
D-amino acid oxidase and catalase enables the quantitative transformation of D-amino
acids (D-phenylalanine) into a-keto acids (phenylpyruvic acid). Enzyme Microb.
Technol. 1998, 23 (1-2), 28-33.

196



